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ABSTRACT 
 Increases in swine production, coupled with shifts towards confined animal 
feeding operations has led to large concentrations of manure in centralized locations.  The 
nutrient rich material is often applied to agricultural land as organic fertilizer.  While 
manure application is beneficial for crops, the medium also contains antibiotic resistant 
bacteria and pathogens of human concern.  These potentially harmful microbial 
constituents have been identified in ground and surface waters surrounding animal 
confinements.  However, less is known regarding the fate and transport manure 
associated microbial constituents in the environment post manure application.  The 
studies described in this dissertation include monitoring the transport of antibiotic 
resistance genes and pathogens to surface water at the watershed scale and tracking 
manure associated bacteria through the soil profile into drainage waters.   
 Specific objectives of the first study were to determine concentrations of 
macrolide resistance genes (erm genes) in artificial drainage and surface water, determine 
ratios of erm genes to 16S rRNA gene abundance in surface and drainage waters, identify 
correlations between erm genes and temporal variation, and identify correlations between 
flow measurements and erm gene concentrations.  Erm gene concentrations ranged from 
below limits of quantification to >107 copies 100 mL-1, with 89% of surface water 
samples testing positive for ermB or ermF.  When normalized to 16S rRNA gene 
concentrations, both genes were significantly greater (p<0.0001) in artificial drainage 
waters when compared to surface waters.  These results coupled with temporal trends 
indicated surface water erm gene concentrations are likely affected by typical manure 
application timing and periods of increased artificial drainage.  
xii 
 Objectives of the second study were to quantify genera harboring known species 
of manure-borne pathogenic bacteria and naturally occurring soil pathogens, identify 
pathogenic genera temporal trends and their transportation routes to surface water.  
Results identified significant increases in abundances of Bacteroides, Clostridium sensu 
stricto and Acinetobacter following typical manure application timing.  Transport 
pathways to surface waters of pathogenic genera were also determined by assessing 
surface and drainage waters concentrations.  Enterobacter surface water concentrations 
were mainly influenced by artificial drainage, while Clostridium sensu stricto primarily 
reached surface water through overland flow.  These results will help inform mitigation 
strategies to reduce pathogen transport through agroecosystems.   
 Objectives from the third study include: identification of genera stimulated by 
manure application in soil and drainage, identification highly abundant genera specific to 
the manure microbiome and tracking manure specific genera in soil and drainage over the 
course of a typical drainage season.  Sequences related to twelve orders of bacteria 
comprised the majority of OTUs stimulated by manure application.  Of the twelve orders, 
Proteobacteria were most prevalent, followed by Bacteroidetes, Firmicutes, 
Actinobacteria and Spirochaetes.  While the majority of these manure stimulated OTUs 
began to decrease prior to the end of the experiment, relative abundances of sequences 
matching Rhizobiales and Actinomyecetales continued to increase.  The twelve orders 
contained variable responses in associated drainage over the course of the experiment.  A 
“manure-specific core” of five genera were also identified, which constituted 13% of 
manure communities.  All core manure genera returned to pre-manure relative 
abundances by the end of the experiment, except Clostridium sensu stricto. 
1 
CHAPTER 1. GENERAL INTRODUCTION 
1.1 Introduction 
Rising international demands for pork have led to increases in swine operations in the 
Midwestern United States (Galloway et al., 2009).  Iowa is currently the top producer of 
swine in the United States (USDA, 2012).  During the past few decades, swine production 
has shifted away from smaller operations to large-scale confinements.  Over two thirds of the 
66 million swine produced in 2012 were grown in centralized facilities containing 5000 pigs 
(USDA, 2012).  Centralization of swine operations has also led to the concentration of 
manure, which is readily spread as organic fertilizer on cropland.   
While manure is a valuable nutrient source for crop production, it also contains less 
appealing constituents, including excess nitrogen, pathogenic bacteria, and antibiotic resistant 
bacteria (ARB) (David et al., 1997; Garder et al., 2014; Wilkes et al., 2014; Hruby et al., 
2016).  The potential for transport of unintended constituents to surface water in the Upper 
Midwest is further complicated by the presence of artificial drainage.  Artificial subsurface 
drainage, or tile drainage, synthetically lowers the water table, increasing available cropland.  
Sixty-seven percent of row cropland in the Central Iowa and Minnesota Till Prairies Major 
Land Resource Area (MLRA) contains artificial drainage (Ikenberry et al., 2014).  
 
1.2 Manure-borne Pathogens Fate and Transport in Agroecosystems 
Pathogenic bacteria found in manure are capable of causing serious illnesses and even 
death in humans (Cotruvo et al., 2004).  However, the fate and transport of manure-borne 
pathogens in the environment is not well understood.  Fecal indicator bacteria (FIB), 
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Escherichia coli and Enterococcus, are commonly used to predict pathogen presence in the 
environment.  Current EPA water quality standards rely on data derived from empirical FIB 
dose-response relationships which predict the number of highly credible gastrointestinal 
illnesses (HCGI) per 1,000 contact recreators in recreational waters (USEPA, 2012).  
However, previous studies have indicated poor correlations between individual pathogens 
and FIB (Wu et al., 2011).   
In order to gain a deeper understanding of pathogen persistence and transport in the 
environment, recent studies have utilized genomic techniques, capable of direct pathogen 
detection (Wilkes et al., 2014; Givens et al., 2016; Lenaker et al., 2017).  However, targeting 
species specific 16S rRNA gene targets, genes coding for known toxins or other pathogenic 
genetic markers require additional enrichment steps prior to running individual qPCR assays 
on samples.  Recently, a few studies have utilized 16S rRNA gene sequencing to identify 
multiple genera harboring pathogenic organisms (Ibekwe et al., 2013, 2017).  Use of 
sequencing techniques allows for broader pathogen detection, but only provides information 
regarding shifts in relative abundances rather than pathogen concentrations necessary for 
future implementation in dose-response relationship studies necessary for developing water 
quality standards. 
 
1.3 Overall Influence of Manure on Soil Microbial Communities 
  Changes in agricultural soil microbial communities stemming from organic fertilizer 
additions are often categorized by microbial growth or activity.  Previous studies have 
utilized changes in soil microbial biomass, microbial nitrogen, soil respiration, plate counts 
and nitrification rates to characterize responses to organic additions (Chang et al., 2007; 
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Liang et al., 2011; Jannoura et al., 2014).  Recently studies have also employed 16S rRNA 
gene sequencing in addition to broader techniques measuring overall microbial growth or 
activity.  16S rRNA gene sequencing identifies shifts in relative abundances of specific 
genera in response to experimental factors.  While numerous studies have aimed to 
characterize soil responses to different physical or chemical alterations, few have observed 
soil community responses to manure additions.  Studies aiming to assess manure impacts on 
agricultural soil have identified short term increases in several different orders within 
Proteobacteria (Ding et al., 2013; Riber et al., 2014; Liu et al., 2017).  However, results from 
existing studies do not include analysis of manure microbiomes used in each experiment.  
Additionally, published manure-soil interaction studies either applied non-agronomical 
manure rates to soil or fail to include consistent replicates between treatments, which may 
lead to overestimation of shifts in relative abundances or an inability to differentiate between 
experimental factors.    
 
1.4 Antibiotics in Agriculture 
Until recently, antibiotics were administered to animals for a variety of reasons 
including: disease treatment, disease preventatives and production purposes. In 2012, a study 
estimated an annual use of  of 533,973 kg of chlortetracycline, 165,803 kg of tylosin and 
154,973 kg of oxytetracycline in swine feed (Apley et al., 2012).  Manure derived from 
animals treated with antibiotics not only excrete antibiotic residues (Dolliver and Gupta, 
2008; Zhao et al., 2009), but also antibiotic resistance genes (Zhu et al., 2013; Garder et al., 
2014; Fahrenfeld et al., 2014; Luby et al., 2016).  While the United States has worked to 
eliminate administration of antibiotics to animals for growth production (FDA, 2015), 
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existing antibiotic resistance gene (ARG) environmental reservoirs are cause for concern.  
Pathogenic bacteria are capable of acquiring ARGs in the environment through horizontal 
gene transfer (von Wintersdorff et al., 2016).  Although human contact with ARB may not 
occur where environmental reservoirs which currently exist, they may be transported through 
overland flow or through drainage to surface waters (Vaz-Moreira et al., 2014; Rieke et al., 
2017) where human contact may occur (Pei et al., 2006). 
 
1.5 Manure Derived Antibiotic Resistance in Agriculture 
Multiple studies have identified high concentrations of ARB and ARGs in ground and 
surface water surrounding confined animal feeding operations (CAFOs) (Campagnolo et al., 
2002; Chee-Sanford et al., 2009; Heuer et al., 2011; Brooks et al., 2014). Leaching of ARGs 
from CAFOs into environmental reservoirs has led to further investigation of ARG 
dissemination in the environment.  While, manure treated agricultural soils generally show 
log scale reductions in concentrations within a year of application (Garder et al., 2014; 
Fahrenfeld et al., 2014; Luby et al., 2016), potential for transport into drainage and surface 
waters is less clear.  Previous plot scale studies have identified seasonal precipitation and 
time after application as driving factors for resistance gene transport.  Under dry conditions, 
manure application did not significantly increase ARGs in subsurface drainage water (Garder 
et al., 2014).  However, significantly greater concentrations of ARG were identified in 
artificial subsurface drainage after manure application under normal drainage conditions 
when compared to untreated control water (Luby et al., 2016).   Additionally, no significant 
differences in drainage water ARG concentrations were identified in the second year after 
manure application. 
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1.6 Justification of Work 
 The core theme of this dissertation centers around impact of swine manure on 
agricultural soil microbial communities and potential for transport of manure derived or 
manure stimulated bacteria into surrounding waterways.  While nutrient contents of manure 
are often tested prior to soil application in order to limit over application and excess transport 
offsite, microbial constituents within manure are rarely tested prior to amending soil.  
Previous work has identified variability in concentrations of pathogenic genera, ARGs and 
overall community structure within manure, depending on animal diet, antibiotic regimens, 
storage practices and time after defecation (Looft et al., 2012; Lu et al., 2014; Pajarillo et al., 
2015a; Kumari et al., 2015).   Variability in initial concentrations of microbial constituents in 
addition to changing temporal patterns prove to be challenging obstacles when attempting to 
quantify manure’s impact on soil and surrounding environments. 
 Previous plot scale studies have identified ARG concentrations returning to 
background concentrations approximately one year after application (Garder et al., 2014; 
Fahrenfeld et al., 2014; Marti et al., 2014; Luby et al., 2016).  However, reports of ARG 
transport offsite through artificial drainage or edge of field overland flow vary by study due 
to differing temporal patterns or time elapsed since last manure application (Joy et al., 2013; 
Garder et al., 2014; Luby et al., 2016).  While studies have demonstrated the potential for 
movement offsite, less is known regarding their ability to move through drainage networks 
into recreational surface waters where human contact may occur (Pei et al., 2006).  
Furthermore, variable manure application regimens utilized within a watershed may not 
correlate with ideal management practices maintained at plot scale research farms. 
 In addition to characterization of ARG transport, variable results have also been 
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identified in studies aiming to characterize the potential movement of pathogens following 
manure application.  Over the past few decades a variety of strategies have been employed in 
order to track manure derived pathogens, either directly or through various fecal indicator 
bacteria (Savichtcheva and Okabe, 2006).   Such studies which incorporate phenotypic 
analysis of FIB or targeted gene amplification through qPCR at best only target only a select 
few species.  Variability in swine manure microbial communities, suggests multiple manure 
markers are likely necessary to gain more reliable measures of manure derived pathogens in 
the environment. 
 Advances in sequencing technology over the past decade has allowed for 
identification of shifts in environmental microbial communities at scales which were 
previously unattainable.  In addition, 16S rRNA gene community analysis provides 
information on a much broader range of microorganisms when compared to traditional FIB 
or qPCR assays.  However, existing manure-soil interaction studies which employ 16S rRNA 
gene sequencing technologies only monitor changes in soil communities post manure 
application.  Prior studies indicating variability in manure microbial community structures 
(Lu et al., 2014; Pajarillo et al., 2015b; Kumari et al., 2015) deem inclusion of manure 
microbial analysis necessary in order to fully describe the fate of manure derived bacteria in 
soils in addition to shifts in abundance of preexisting soil bacteria.   
 Uncertainties in manure microbial community structure along with variable temporal 
conditions create complex situations where a single indicator is incapable of correctly 
describing overall impacts of manure in the environment.  Manure derived bacterial trends in 
surface water and artificial drainage at the watershed scale will help identify major transport 
pathways of manure related pathogens and ARGs.  Filling gaps in pathogens and ARG 
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modes of transport will provide information necessary to employ microbial manure 
management plans.  In addition, increased characterization of manure-soil interactions 
identified through shifts 16S rRNA gene abundances will provide insight into manure 
derived genera which have a greater probability of being transported offsite.   
 
1.7 Organization of Dissertation 
 The focus of this research aims to fill gaps in knowledge regarding the impact of 
manure on soil microbial communities and the transfer of potentially detrimental constituents 
into surrounding waterways.  The fate and transport of the swine manure microbiome, related 
pathogens and antibiotic resistance genes are explored through laboratory experiments and 
watershed scale monitoring.  Chapter 2:  Seasonal Variation of Macrolide Resistance Gene 
Abundances in the South Fork Iowa River Watershed includes analysis over four years of 
ARGs ermB and ermF in artificial drainage and and surface water.  This analysis will provide 
insight into the magnitude of antibiotic resistance gene and mode of transport into surface 
water.  Chapter 3: Assessing Pathogen Presence in an Intensively Tile Drained, Agricultural 
Watershed discusses a new method for enumerating multiple genera known to contain 
pathogens to determine if manure application is capable of altering pathogen loads in 
surrounding surface waters.  Chapter 4: Analyzing impacts of swine manure application on 
soil microbial communities and associated drainage water examines the ability of manure 
application to alter preexisting agricultural soil microbiomes and transport of manure related 
genera.  Chapter 5 summarizes important results of Chapters 2 through 4 and includes 
recommendations for future studies aiming to increase knowledge regarding the fate and 
transport of microbial constituents contained within swine manure.  
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1.9 Research Goals and Hypotheses 
Chapter 2:  Seasonal Variation of Macrolide Resistance Gene Abundances in the South Fork 
Iowa River Watershed 
Goal: 
• Expand knowledge regarding factors influencing the transport of macrolide resistance 
genes in artificial drainage and surface water in an agriculturally dominated 
watershed.   
Objectives: 
• Determine concentrations of erm genes in artificial drainage and surface water. 
• Determine ratios of resistance genes to 16S rRNA gene abundance in surface and 
drainage waters. 
• Identify correlations between erm resistance genes and temporal variation. 
• Identify correlations between flow measurements and resistance gene concentrations. 
Hypotheses:  
• Erm gene concentrations will be greater in tile drainage than surface water due to 
manure being injected rather than broadcasted.   
• Erm gene concentrations will be significantly greater in surface water during periods 
affected by main artificial subsurface drainage inputs. 
• Higher concentrations of erm genes will be present in following typical fall manure 
application timings. 
• Erm gene concentrations will correlate with surface and tile drainage flow. 
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Chapter 3: Assessing Pathogen Presence in an Intensively Tile Drained, Agricultural 
Watershed 
Goal: Examine the persistence of diverse pathogens in surface water and artificial drainage in 
an agriculturally dominated watershed. 
Objectives: 
• Quantify genera harboring known species of manure-borne and naturally occurring 
soil pathogens. 
• Determine if pathogenic genera quantities are significantly greater in surface or 
drainage water. 
• Identify temporal variations in pathogenic bacteria. 
• Determine if pathogenic genera are primarily transported to surface water by overland 
flow or artificial subsurface drainage. 
Hypotheses: 
• Concentrations of manure-borne pathogenic genera will be greatest in surface water 
following typical fall manure application.   
• Widespread manure injection will result in transport of manure-borne pathogenic 
genera through artificial subsurface drainage into surface water. 
• Genera containing naturally occurring soil pathogens will be greatest in surface water 
after typical fall manure application and during periods of high drainage.   
• Naturally occurring pathogenic soil genera will be transported into surface water by 
overland flow and through artificial subsurface drainage. 
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Chapter 4: Analyzing the impact of swine manure application on soil microbial communities 
and associated drainage waters  
Goal: Assess the impact of injected swine manure on agricultural soil microbial communities 
and associated drainage. 
Objectives: 
• Determine bacterial genera which significantly increase in soil after swine manure 
application. 
• Identify fate of genera stimulated by manure application in soil and drainage over a 
typical artificial drainage season. 
• Determine highly abundant genera specific to the manure microbiome. 
• Track manure specific genera in soil and drainage over a typical artificial drainage 
season. 
Hypotheses: 
• Genera prevalent in manure or stimulated by non-microbial manure constituent 
additions will significantly increase after manure application. 
• Genera which significantly increased after manure application will decrease in soil 
and drainage over time. 
• Highly abundant genera specific to swine manure will be classified within the 
Firmicutes or Bacteroidetes phyla.   
• Manure specific genera relative abundances will decrease in soil and drainage prior to 
relative abundances of genera stimulated by nutrient additions in swine manure. 
 
 
11 
CHAPTER 2. SEASONAL VARIATION OF MACROLIDE RESISTANCE GENE 
ABUNDANCES IN THE SOUTH FORK IOWA RIVER WATERSHED 
A paper published by Science of the Total Environment 
Elizabeth L. Rieke, Thomas B. Moorman, Elizabeth L. Douglass, and Michelle L. Soupir 
 
2.1 Abstract 
The Midwestern United States is dominated by agricultural production with high 
concentrations of swine, leading to application of swine manure onto lands with artificial 
subsurface drainage.  Previous reports have indicated elevated levels of antibiotic resistance 
genes (ARGs) in surface water and groundwater around confined animal feeding operations 
which administer antimicrobials. While previous studies have examined the occurrence of 
ARGs around confined swine feeding operations, little information is known how their 
transport from tile-drained fields receiving swine manure application impacts downstream 
environments.  To further our knowledge in this area, water samples were collected from five 
locations in the agriculturally dominated South Fork Iowa River Watershed with 
approximately 840,000 swine present in the 76,000 ha basin. Samples were collected 
monthly from three stream sites and two main artificial subsurface drainage outlets. Samples 
were analyzed for macrolide resistance genes ermB, ermF and 16S rRNAgene abundance 
using qPCR.  Abundance of erm genes ranged from below limits of quantification to >107 
copies 100 mL-1 water.  Eighty-nine percent of stream water samples contained one of these 
two ARGs.  Results indicate significantly more ermB and ermF in main drainage outlets than 
stream samples when normalized by 16S rRNA abundance (p<0.0001).  Both artificial 
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drainage locations revealed temporal trends for ermB and ermF abundance when normalized 
to 16S rRNA abundance.  The higher resistance gene concentrations identified in artificial 
drainage samples occurring mid-Spring and late-Fall are likely due to manure application.  
 
2.2 Introduction 
Over the past few decades, technological advances in in genetics, nutrition, housing 
and veterinary services coupled with a shift to contract production farms has led to increases 
in hog production sizes, a reduction in farm numbers and an increase in antibiotic 
consumption. The number of hog farms in the United States decreased 70 percent from 1992 
to 2009 from over 240,000 thousand farms to approximately 71,000, while the number of 
farms containing 2000 head or more increased from 30 percent to 86 percent (McBride and 
Key, 2013).  Large contract farms concentrate substantial quantities of manure in pits housed 
below swine confinements, which is readily applied to agricultural land as organic fertilizer.  
While manure application provides beneficial nutrients for crops, application is capable of 
transporting excessive nutrients and pathogens off site into surrounding waterways (Randall 
& Mulla, 2001; Oliver et al., 2005; Nguyun et al. 2013; Givens et al. 2016; Hruby et al. 
2016).  Of additional concern is the ability of swine manure to harbor antibiotic resistant 
bacteria.   
Antibiotics are administered to swine for disease treatment, disease control, disease 
prevention and until recently for growth promotion (Veterinary Feed Directive, 2016).  Over 
5.07 x 105 kg of tetracycline and 1.65 x 105 kg of tylosin were estimated for incorporation 
into swine production in 2012 (Apley et al. 2012).  A study performed by Looft et al. (2012) 
identified significantly higher concentrations of antibiotic resistance genes (ARGs) in swine 
intestinal tracts that were administered regimens of performance enhancing antibiotics when 
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compared to an antibiotic free control group.  Additionally, antibiotics, antibiotic resistant 
bacteria and ARGs have been identified in ground and surface water surrounding confined 
animal feeding operations in the USA and elsewhere (Bonelli et al, 2014; Campagnelo 2002; 
Chee-Sanford et al. 2009; Heuer et al. 2011; Zhu et al., 2013).  However, less is known 
regarding the export of ARGs off agricultural land into surrounding surface waters.   
Waterways in agriculturally dominated watersheds in the Upper Midwestern United States 
are impacted by overland flow and artificial subsurface drainage.  Subsurface artificial 
drainage consists of a network of corrugated piping approximately 1 m below hydric soils, 
hastening the movement of shallow groundwater to surface waters.  Previous studies have 
identified elevated nutrient and pathogen concentrations in artificial subsurface drainage 
(David, 1997; Jaynes et al., 2001; Givens et al., 2016).  Additionally, Luby et al. (2016) 
identified significantly higher concentrations of erm (erythromycin ribosome methylation) 
genes in plot scale artificial subsurface drainage receiving manure application when 
compared to non-manured drainage.  The erm family of genes encode methyltransferase 
enzymes, which are responsible for reducing the binding ability of antibiotics within the 
macrolide, lincosamides and streptogramin B (MLSB) family of antibiotics (Weisblum, 
1998; Leclercq & Courvalin, 1991).  Increasing levels of resistance to the MLSB family is of 
great concern due to the group’s inclusion of antibiotics which are critically important to 
agricultural and human health (Huerta et al., 2013).   
While there is significant knowledge regarding increases in ARG concentrations in 
agricultural settings due to manure application, less is known regarding their transport into 
larger stream networks where human exposure may occur (Pei et al., 2006).  The presence of 
erm genes in artificial drainage suggests there is opportunity for horizontal transfer to 
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pathogenic species in connecting waterways (West et al., 2011).  In order to characterize 
potential risks associated with antibiotic resistance in recreational waterbodies, the impact of 
agriculturally derived inputs must first be identified.  The objective of the study is to quantify 
erm genes in main artificial drainage and surface waters in an agriculturally dominated 
watershed under varying spatial and temporal conditions.  This information is needed to 
identify impacts of swine manure additions on ARG environmental reservoirs.  
 
2.3 Methods 
2.3.1 Study Site 
Five locations were sampled in the South Fork Iowa Watershed.  The Iowa River’s 
South Fork Watershed, resides mainly in Hamilton and Hardin, IA on the Des Moines Lobe 
in the United States’ Midwestern Corn Belt.  The 76,000 ha watershed is dominated by row 
crop agriculture, primarily in corn and soybean rotation and contains 169 confined animal 
feeding operations (CAFOs) (Tomer et al. 2008).  Approximately 80% of the watershed 
contains artificial subsurface drainage, commonly referred to as tile drainage (Green et al., 
2006).  Two of the five sampling locations were main artificial subsurface drainage outlets 
which drain directly into Tipton Creek (TC241 and TC242). No CAFOs are located in the 
drainage districts associated with either drainage outlet; however, swine manure is readily 
applied to cropland within the boundaries (Personal communication, Kevin Cole, USDA-
ARS).  The remaining three sites were located on Beaver Creek (BC350), South Fork main 
branch (SF450) and Tipton Creek (TC323) (Figure 2.1).  Tipton Creek drains into the South 
Fork main branch prior to reaching sampling site SF450.  Downstream of the watershed the 
Iowa River continues to flow southeast until reaching the Mississippi River.  Givens et al. 
(2016) estimated that between 30 to 60% of the watershed receives 93-186 m3 ha-1 of swine 
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manure annually and the majority of this manure is injected as bands in late fall.  Additional 
potential sources of fecal pollution in surface waters within the watershed include human and 
naturally occurring wildlife additions. 
 
Figure 2.1: Surface and drainage water sampling locations and drainage areas in the South 
Fork of the Iowa River.  Subsurface drainage sampling locations TC241 and T421 drain 
directly into Tipton Creek.  Tipton Creek drains into the South Forth Iowa River main branch 
before reaching sampling location SF450. 
 
2.3.2 Sample Collection 
Grab samples were collected monthly or bimonthly from August 2011 to December 
2014 from three stream sites and two main artificial subsurface drainage outlets in the South 
Fork Iowa Watershed.  Between 35 and 43 samples were collected from each location.  
Samples for the two drainage outlets, which feed into Tipton Creek, were collected directly 
from the outlets.  TC241 and TC242 are responsible for draining approximately 150 and 
1040 ha, respectively.  Surface water samples were collected directly from the three streams. 
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Samples were transported on ice to the USDA National Laboratory for Agriculture and the 
Environment.   Daily stream flow measurements were derived from methods described by 
Tomer et al., (2008).  
 
2.3.3 DNA Extraction and Quantitative PCR 
Water samples (250-500 mL) were filtered on 0.22 um filters (Millipore, Billerica, 
MA) within 24 hours of sample collections.  Filters were then frozen at -20 °C for DNA 
extraction at a later date.  DNA was extracted using Mo Bio Power Water DNA kits.  
Conditions and primer sequences defined by Luby et al. (2016) were used for ermB, ermF 
and Eub338/Eub518 for 16S rRNA bacterial gene concentrations.  Erm resistance genes were 
chosen based on the frequent detection of tylosin by Washington et al. (Washington et al., 
2018) in surface waters and tile drainage within South Fork Iowa River Watershed.  
Quantitative standards for qPCR were created through insertion of amplified product into 
pCR-4TOPO in Escherichia coli using TOPO TA cloning kits (Invitrogen Corp., Carlsbad, 
CA).  Transformed E. coli plasmid DNA was extracted using 5 Prime FastPlasmid Mini Kit 
(5 Prime, Gaithersburg, MD).  PCR product was amplified from Pseudomonas stutzeri 
genomic DNA (ATCC 14405) using Eub338/Eub518 primers.  ErmB product was amplified 
from Enterococcus isolate Man T1-C described by Hoang et al. (2013).  ErmF product 
originated from plasmid pVA831 in E. coli strain HB101 bought from M.C. Roberts 
(University of Washington). All samples were run in triplicate wells in the same 96-well 
plate.  P. stutzeri DNA and PCR grade water were used as template for negative controls.  P. 
stutzeri (ATCC 14405) DNA does not contain ermB or ermF and was used as a negative 
control to identify if resistance gene primers were amplifying sequences other than the 
targeted genes.  Means and standard deviations for the two PCR wells with the smallest 
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difference in copy numbers were calculated.  If the third well copy number was not within 
three standard deviations of the mean, the value was labeled as an outlier and discarded; 
otherwise the mean copy number of the three reaction wells was used for each water sample.  
Multiple 96-well plates were necessary for analysis of each gene.  Limits of quantification 
(LOQ) were unique for each plate.  LOQ was set as the lowest copies per reaction identified 
from standard curve analysis or false positive copies from negative controls on each plate.  
ErmB LOQs ranged from 22 to 159 copies 100 mL-1.  ErmF LOQs ranged from 7 to 174 
copies 100 mL-1.  16S rRNA LOQs ranged from 5.66 x 104 to 4.14 x 105 copies 100 mL-1.  
Additionally, samples with ermB and ermF concentrations above limits of quantification 
were normalized to 16S rRNA gene abundance by dividing erm gene copies 100 mL-1 by 16S 
rRNA copies 100 mL-1.  The 16S rRNA gene is conserved in all bacteria and archaea, 
allowing for estimation of percent of bacteria containing ermB and ermF. 
 
2.3.4 Statistical Analysis 
All statistical analyses were performed using R version 3.3.1.  Wilcoxon Ranked Sum 
tests were used to determine if there were statistically significant differences between 
resistance gene concentrations and concentrations normalized to 16S rRNA between 
sampling locations.  Wilcoxon Ranked Sum tests were also performed to determine 
significant differences (p<0.01) in resistance gene concentrations between samples based on 
temporal groupings.  Using a more stringent criterion for determining significant differences 
between sites allowed for grouping of tile and surface samples for further analysis.  Samples 
were divided into four categories based on temporal differences: frozen soil, drainage period, 
pre-fall manure application and post-fall manure application. Frozen soil samples were 
classified as samples collected when soil temperatures were below 0 °C, which generally 
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occurs from early December to late March.  Drainage period samples were classified as 
samples collected once soil temperatures rose above 0 °C in the spring until artificial 
drainage rates dropped to 0.01 of peak summer flows.  Pre-fall manure application samples 
were classified as collected after artificial drainage rates were reduced to 0.01 of peak 
summer flows until soil temperatures dropped below 10 °C.  Post-fall manure application 
samples were classified as samples collected after soil temperatures dropped below 10 °C 
soil temperatures reached 0 °C. Simple linear regressions were run to identify relationships 
between gene concentrations and average daily flowrates.  Samples containing resistance 
gene concentrations below LOQs were excluded from the linear regression analyses.  
Additionally, resistance gene concentrations were log transformed prior to running the daily 
flow linear regression. 
 
2.4 Results 
Abundance of ermB and ermF ranged from below limits of quantification to >107 
copies 100 mL-1 water. The Wilcoxon Ranked Sum Test did not identify significant 
differences (p>0.01) in erm gene abundance between the two subsurface drainage sites and 
data for these sites were therefore combined for further analysis.  Similarly, significant 
differences (p<0.01) in concentrations were not identified between surface water sample 
locations and the data for these three sites were combined.  Artificial subsurface drainage 
contained significantly more ermB copies 100 mL-1 (p<0.0001) and ermF copies 100 mL-1 
(p<0.01) than surface water samples (Figures 2.2 and 2.3).  Mean concentrations above 
LOQs for both genes were one to two orders of magnitude greater in drainage samples than 
surface water samples (Table 2.1).  
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Table 2.1: Detection frequency and concentrations of erm genes in tile drainage and surface 
water  
       ermB        ermF 
Locationa Drainage area (ha) n
b %> LOQc 
Mean (>LOQ) ± SDd             
(gene copy 100 mL-1) 
%>
LOQ 
Mean (>LOQ) ± SD                         
(gene copy 100 mL-1) 
BC350 18130 43 88.3 2.17 x 104 ± 5.60 x 104  58.1 5.70 x 104 ± 1.70 x 104  
SF450 5820 42 78.5 1.06 x 104 ± 2.00 x 104  52.3 3.64 x 104 ± 5.86 x 104  
TC323 18380 38 88.3 1.75 x 104 ± 3.35 x 104 50.5 5.86 x 104 ± 8.51 x 104 
TC241 1043 40 92.5 1.89 x 105 ± 6.85 x 105  70.0 5.39 x 105 ± 1.51 x 106  
TC242 150 35 97.2 1.30 x 106 ± 4.91 x 106  72.2 3.04 x 105 ± 6.55 x 105  
a Samples from TC241 and TC242 were collected directly from main artificial drainage 
outlets and BC350, SF450 and TC323 samples were collected directly from each stream 
b Number of samples from each sampling location 
c Percent of samples above limits of quantification 
d Standard Deviation 
 
 
Figure 2.2: Relative abundance of ermB (% of 16S rRNA abundance) in surface and 
subsurface drainage waters over time. Red symbols denote artificial drainage samples 
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(TC241 and TC242), while blue symbols represent surface water samples (BC350, SF450, 
and TC323). 
 
Figure 2.3: Relative abundance of ermF (% of 16S rRNA abundance) in surface and 
subsurface drainage waters over time. Red symbols denote artificial drainage samples 
(TC241 and TC242), while blue symbols represent surface water samples (BC350, SF450, 
and TC323).  
 
 
ErmB was the most frequently detected gene in artificial subsurface drainage and 
surface water with detection in over 92% and 78 % of samples, respectively.  Significant 
differences in drainage and surface water samples were identified based on temporal 
classifications.  Surface water ermB drainage period concentrations were significantly greater 
(p<0.01) than pre-fall manure application and frozen soil samples (Figure 2.4a).  Surface 
water ermB drainage concentrations were not significantly greater (p>0.01) than post-fall 
manure concentrations.  Additionally, when normalized to 16S rRNA, relative abundances of 
ermB were significantly greater (p<0.01) in drainage period, post-manure and frozen soil 
surface water samples than pre-fall manure application samples (Figure 2.5a).  No significant 
temporal differences (p>0.01) were identified in ermB concentrations in artificial drainage 
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samples. However, ermB 16S rRNA ratios were significantly greater (p<0.01) in post-fall 
manure application artificial drainage samples compared to drainage period and pre-fall 
manure samples (Figure 2.5a).   
 
 
Figure 2.4a: Concentrations of ermB (copies 100 mL-1) in surface water and artificial 
drainage water by season. Samples with ermB below LOQs are represented as a value of 1. 
Significantly different surface water gene concentrations (p<0.01) are denoted by different 
lowercase letters.  Significantly different tile water gene concentrations (p<0.01) are denoted 
by different uppercase letters.  The center bar in the colored box represents the median and 
the top of the colored box represents 75th percentile, while the bottom of the box represents 
the 25th percentile. Whiskers represent minimum and maximum values and dots represent 
outliers, which are either three time the interquartile range or more above the 75th percentile 
or three times the interquartile rate or more below the 25th percentile.  
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Figure 2.5a: Surface water and artificial drainage ermB-16S rRNA relative abundance 
percentages by season. Samples with ermB below LOQs are represented as a value of 1 x 10-
8. Significantly different surface water gene concentrations (p<0.01) are denoted by different 
lowercase letters.  Significantly different tile water gene concentrations (p<0.01) are denoted 
by different uppercase letters.   
 
ErmF was detected in over 70% of artificial subsurface drainage and 50% of surface 
water samples.  Surface water ermF drainage period concentrations were significantly greater 
(p<0.01) than pre fall manure application, post fall manure application and frozen soil 
samples.  Similar results were obtained when normalized to 16S rRNA relative abundances, 
with drainage period samples containing significantly (p<0.01) more ermF than any other 
temporal classification.  Contrasting ermB, artificial drainage ermF concentrations were 
significantly greater (p<0.01) during the drainage period when compared to frozen soil and 
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pre fall manure periods (Figure 2.4b).   However, when normalized to 16S rRNA 
concentrations, only the relative abundances of ermF in artificial drainage were significantly 
greater than relative abundances identified during the pre-fall manure period (Figure 2.5b). 
 
Figure 2.4b: Concentrations of ermF (copies 100 mL-1) in surface water and artificial 
drainage water by season. Samples with ermF below LOQs are represented as a value of 1. 
Significantly different surface water gene concentrations (p<0.01) are denoted by different 
lowercase letters.  Significantly different tile water gene concentrations (p<0.01) are denoted 
by different uppercase letters.   
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Figure 2.5b: Surface water and artificial drainage ermF-16S rRNA relative abundance 
percentages by season. Samples with ermF below LOQs are represented as a value of 1 x 10-
5. Significantly different surface water gene concentrations (p<0.01) are denoted by different 
lowercase letters.  Significantly different tile water gene concentrations (p<0.01) are denoted 
by different uppercase letters.   
 
 Log-linear correlation relationships between daily flowrates (daily average on the day 
of sampling) and resistance gene concentrations varied greatly among sampling locations and 
resistance genes (Table 2.2).   In the smaller artificial drainage network (TC242) flowrates 
strongly correlated with concentrations for both genes, while R values from the larger 
artificial drainage network (TC241) were the smallest of any sampling location. The 
strongest correlations were identified at TC323, which contained the smallest range of 
average daily flowrates for the stream sampling locations.  
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Table 2.2: Average daily flow rate ranges and resistance gene concentration log-linear 
regression for surface water and tile drainage sampling locations.  
  
Gene Site na R p Flow Range    (m3 s-1) 
ermB 
BC350 38 0.79 2.59 x 10-5 1.551 – 5.52 
SF450 33 0.87 4.42 x 10-7 7.08 – 26.1 
TC323 32 0.98 2.20 x 10-16 0.297 – 2.20 
TC241 32 0.51 0.1519 0.479 – 5.28 
TC242 35 0.96 8.05 x 10-15 2.83 x 10-3 – 3.40 x 10-2 
ermF 
BC350 25 0.93 1.250 x 10-8 1.705 – 5.23 
SF450 22 0.73 1.171 x 10 -2 10.19 – 26.1 
TC323 23 0.96 1.499 x 10-10 0.445 – 2.46 
TC241 22 0.58 0.1327 0.479 – 2.59 
TC242 26 0.95 1.150 x 10-10 2.83 x 10-3 – 3.40 x 10-2 
a number of samples used in linear regressions, samples with resistance gene concentrations 
below limits of quantification were not included 
 
 
2.5 Discussion 
Mean concentrations for ermB and ermF in the main artificial subsurface drainage 
outlets were two to three orders of magnitude greater than concentrations in subsurface 
drainage from manure-treated plots reported by Garder et al. (2014) and Luby et al. (2016).  
The higher resistance gene concentrations in the major artificial subsurface drainage outlets 
compared to plot scale drainage concentrations may be attributed to the more frequent 
manure applications from swine confinements utilizing antibiotics, in the drainage area.  
Studies by Luby et al. (2016) and Garder et al. (2014) utilized plots under two-year corn 
soybean crop rotations, with nitrogen application in the form of swine manure only prior to 
the corn growing season.  Previous studies have identified log scale reductions of ARGs in 
manure-treated agricultural soils within a year of application (Garder et al., 2014; Fahrenfeld 
et al. 2014; Marti et al., 2014; Luby et al., 2016).  However, 53 % of the combined 
subwatersheds analyzed in this study planted corn following corn at least once within the 
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four-year study period.  Additionally, 16 % of the combined subwatersheds were maintained 
in corn during the entire length of the study.  For the state of Iowa corn-soybean rotations 
occupy 47% of the agricultural land, soybeans rotated with two or more years of corn occupy 
an additional 25%, and continuous corn is grown on 3% of agricultural land (Tomer et al., 
2017). Increasing the frequency of corn planting and manure application in a field may 
diminish the soil’s natural ability to attenuate resistance gene additions to soil from swine 
manure.  Furthermore, surface intakes installed to prevent ponding in cropped potholes 
within the watershed directly route surface water into drainage networks (Tomer et al., 2010).  
Such hydrologic routing impedes any natural filtering performed by the soil before reaching 
the drainage line, therefore permitting the direct transfer of pollutant reservoirs to surface 
waters.   
Trends in ermB and ermF concentrations in artificial drainage and surface waters are 
likely influenced by manure application timing and seasonal drainage patterns.  The strong 
correlations observed between average daily surface water flowrates and erm gene 
concentrations at the majority of sampling locations suggest surface water resistance gene 
concentrations are highly dependent on subsurface flow additions.  Green et al. (2006) 
estimated that 71% of total discharge from the watershed from 1996 to 2004 was from tile 
drainage.  Although tile drainage contributes the bulk of discharge in the watershed, the 
majority of the drainage occurs during spring through the middle of summer.  Ninety-two 
percent and 71% of the total artificial drainage occurred between April 15th and July 15th 
during the study period at TC241 and TC242, respectively.  
Significantly greater concentrations (p<0.01) of ermB and ermF in surface water 
during periods of high drainage in the watershed were likely influenced by artificial drainage 
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contributions.  Similar rises in surface water Escherichia coli concentrations during periods 
of high artificial drainage contributions within the South Fork Iowa River Watershed were 
identified by Tomer et al. (2008). However, concentrations of E. coli in surface water were 
consistently higher compared to artificial subsurface drainage outlets indicating overland 
flow as the major pathway of E. coli to surface waters.  Additionally, significantly greater 
relative abundances of ermB-16S rRNA were identified in post-fall manure drainage samples 
(p<0.01), while Tomer et al. (2008) showed no significant increases in E. coli concentrations 
in drainage following typical manure application timing, further suggesting different 
environmental sources were responsible for transporting E. coli and ARGs to surface water. 
Differences identified between fecal indicator bacteria and ARG transport through the 
watershed are indicative of ARGs residing in a lasting soil environmental reservoir.  The 
significantly higher concentrations of erm genes in main subsurface artificial drainage 
compared to plot scale concentration identified by Luby et al. (2016) and Garder et al. (2014) 
suggest either a higher frequency of ARG inputs into the environment from differing swine 
antibiotic regimens or the transfer of ARGs from fecal sources to naturally occurring 
environmental bacteria.  Other potential ARG sources within the watershed may include 
human sources from leaky septic tanks or bovine fecal material deposited directly in surface 
waters.  Three wastewater treatment plants and two sanitary sewer overflows are located 
within the watershed.  Furthermore, numerous studies have identified populations of ARGs 
in environments free of anthropogenic influences (Bhullar et al., 2012; Brown & Balkwill, 
2009; Miteva et al., 2004), indicating naturally occurring background levels of antibiotic 
resistance across environmental landscapes.  Pei et al., (2006) identified significantly greater 
concentrations of ARGs in river sediments impacted by human and agricultural inputs when 
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compared to pristine water sediments, however, the authors were unable to determine the 
relative impacts of the different sources.  West et al. (2011) identified the transfer of plasmid 
derived erm and tetracycline resistance genes from environmental microorganisms to model 
microorganisms, but little is known regarding ARG dissemination throughout environmental 
microbiomes.  Heurta et al. (2013), working in Spanish watersheds, reported correlations 
between macrolide antibiotic concentrations, ermB, and two bacteria phyla, but were unable 
to confirm the causal mechanism responsible for the correlations.  Additionally, only tracking 
resistance genes does not provide information on the location and activity of the genes.  To 
better characterize the impact of introducing ARGs into the soil environment additional 
studies are needed to link their presence with host identification and transfer mechanisms. 
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CHAPTER 3. ASSESSING PATHOGEN PRESENCE IN AN INTENSIVELY TILE 
DRAINED, AGRICULTURAL WATERSHED 
A paper submitted to the Journal of Environmental Quality 
Elizabeth L. Rieke, Thomas B. Moorman, Michelle L. Soupir, Fan Yang, and Adina Howe. 
 
3.1 Abstract 
Increases in swine production in Iowa and concomitant manure application provides 
beneficial nutrients for crops, but agricultural overland flow and artificial subsurface 
drainage transport antibiotic resistance genes and excess nutrients to surface waters.  
However, little information is known regarding the long term effect of manure application on 
pathogen fate and transport into surrounding waterways.  We report on the use of 16S-rRNA 
gene sequencing to detect pathogenic bacteria in the agriculturally dominated South Fork 
Iowa River Watershed, home to approximately 840,000 swine in the 76,000 ha basin.  DNA 
was extracted from monthly grab samples were collected from three surface water sites and 
two main artificial drainage outlets. DNA sequences from water samples were matched with 
sequences from known pathogens. Specifically, abundances of Bacteroides, Clostridium 
sensu stricto and Acinetobacter significantly increased in surface water after typical fall 
manure application timing.  Additionally, the likely transport pathways for specific 
pathogens were identified.  Surface water Enterobacter concentrations were influenced 
mainly by artificial drainage, while Clostridium sensu stricto was primarily transported to 
surface waters by runoff events.  The results of this study will help us to understand 
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environmental pathways which may be useful for mitigation of pathogen transport in 
agroecosystems. 
3.2 Introduction 
Increasing global pork demands have resulted in growing swine operations and the 
availability of manure for agricultural operations (Galloway et al., 2009).  In 2012, Iowa 
contained over 20 million swine, residing in 6,266 farms (NASS, 2014). Manure from swine 
operations is readily applied to cropland as organic fertilizer. However, such practices would 
not be practical in parts of North Central Iowa and other parts of the Corn Belt without 
artificially lowering the water table. Approximately one third of total cropland in Iowa 
contains artificial subsurface drainage, commonly referred to as tile drainage (Zucker and 
Brown, 1998). Tile drainage lowers the water table and allows soils which otherwise would 
be seasonally or continually wet to drain (Zucker and Brown, 1998).   This alteration of the 
hydrologic condition of soil allows for earlier planting and increased soil aeration, which 
ultimately leads to greater crop yields (Zucker and Brown, 1998; Arabi et al., 2006) but is 
also capable of hastening the transport of pollutants, such as pathogens associated with 
manure. 
Previous studies have identified artificial drainage as a major pathway for nitrogen, 
dissolved phosphorus and antibiotic resistance genes to connecting surface waters (David et 
al., 1997; Jaynes et al., 2001; Luby et al., 2016).  However, less is known regarding the 
extent of loading and mode of transportation for manure derived pathogens into surrounding 
surface waters.   Previous studies have used fecal indicator bacteria (FIB), Escherichia coli 
and enterococci, to track the potential transport of manure-associated pathogenic organisms 
in the environment with inconsistent results. Significantly higher concentrations of E. coli 
34 
and enterococci in surface water samples have been observed after manure application in the 
South Fork Iowa River Watershed (Givens et al., 2016).  In the same watershed, it was also 
found that E. coli concentrations in surface water were greatest during summer months when 
no manure was applied, suggesting sources other than manure likely influenced E. coli loads. 
(Tomer et al., 2008).  This result is consistent with other previous studies that have been 
unable to identify significant differences between enterococcus concentrations in drainage 
from non-manured and fall manure treated plots (Garder et al., 2014; Hruby et al., 2016; 
Luby et al., 2016) .  Overall, these contrasting results suggest that we still do not have a clear 
understanding of the fate of pathogens in this watershed.   
One potential reason for contrasting observations is poor correlation between the 
estimated abundances of specific pathogens in environmental waters, specifically E. coli and 
enterococci with pathogenic Salmonella spp. and Campyobacter spp. and Yersinia (Lund, 
1996; Lemarchand and Lebaron, 2003; Hörman et al., 2004). A meta-analysis of previous 
studies comparing the correlations of pathogens and E. coli  abundances resulted in only 26% 
of 46 samples showing positive correlations (Wu et al, 2011).  Overall, these results suggest 
that a better understanding of the fate of pathogens in manure requires the integration of data 
describing more than a single pathogen.  
The goal of this study is to examine the persistence of diverse pathogens in surface water and 
artificial drainage in an agriculturally dominated watershed.  These pathogens may originate 
from widespread manure application within the watershed which introduces manure-borne 
pathogens into soils and subsequently into surface water through artificial drainage or 
overland flow.  Additionally, organic matter contained within manure is capable of 
stimulating naturally occurring genera in soil which contain pathogenic species (Leclercq et 
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al., 2016a).  We use targeted detection and community sequencing of the 16S rRNA gene to 
determine the concentrations of genes associated with known pathogens in water samples, 
allowing us to compare the impacts of timing of manure application and the fate of bacterial 
pathogens in waters downstream of agricultural practices on microbial community structure. 
 
3.3 Methods 
3.3.1 Study Site and Sample Location 
Our study site is the 76,000 ha South Fork Iowa River watershed, located mainly in 
Hardin and Hamilton Counties in central Iowa, and is dominated by corn-soybean row crop 
agriculture. The watershed contains 169 confined animal feeding operations which is 
estimated to provide swine manure to 30 to 60% of the watershed at a rate of 93-186 m3ha-1 
(Givens et al., 2016).   Detailed descriptions of sampling locations and collection procedures 
were previously described (Rieke et al., 2017).  Briefly, grab samples were collected from 
August 2011 through December 2014 approximately monthly from three surface locations 
and two artificial subsurface drainage outlets in the South Fork Iowa River Watershed. This 
resulted in collection of 69 drainage samples and 118 surface water samples. The three 
surface sampling sites were located on Tipton Creek (TC323), Beaver Creek (BC350), and 
the South Fork Iowa River (SF450), while the two artificial drainage locations (TC241 and 
TC242) feed directly into Tipton Creek (Supplemental Figure 1).  Additionally, Tipton Creek 
feeds into the South Fork main branch upstream of site SF450.  
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3.3.2 DNA Extraction and 16s rRNA Gene qPCR Quantification 
Sterile 0.22 um filters (Millipore, Bullerica, MA) were used to filter water samples 
(250 -500 mL) within 24 h of collection.  Filters were immediately frozen at -20 °C for DNA 
extraction at a later date using Mo Bio Power Water DNA kits.  Primer sequences, 
quantitative standards, and amplification conditions (primers Eub338/Eub518) to detect 16S 
rRNA bacterial genes in water samples have been previously described (Luby et al., 2016).  
Methods for setting limits of quantification (LOQ) for these assays have also been previously 
described  (Rieke et al., 2017).   
 
3.3.3 16S rRNA Gene Sequencing and Analysis  
Extracted DNA was sequenced by amplifying the V4  region of the bacterial 16S 
rRNA gene as previously described (Kozich et al., 2013).  Amplicon sequences were 
analyzed using Mother v.1.37.0.  Specifically, chimeras de novo were removed with Usearch 
(8.1 64bit) (Edgar et al., 2011). RDP’s 16S rRNA gene database (No15) was used to remove 
chimeras of known reference genes.  Unique operational taxonomic units (OTUs) and their 
abundances in each sample were derived from chimera filtered high quality sequences based 
on 97% sequence dissimilarity by CD-HIT (4.6.1) (Fu et al., 2012).  CD-HIT was chosen due 
to its speed and demonstrated production of clusters which were highly similar to true 
numbers of OTUs derived from simulated complex data (Bonder et al., 2012; Chen et al., 
2013).  Taxonomy was assigned to each representative OTU sequence using RDP classifier 
(Wang et al., 2007) with a confidence cutoff at 50% (-c 0.5).  OTUs observed less than five 
times cumulatively were removed from the dataset.  Additionally, samples containing less 
than 12,000 sequences were removed, which resulted in 187 samples.   Remaining samples 
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were rarified to 12,462 sequences using the function rarify_even_depth in the R package 
phyloseq (Mcmurdie et al., 2013).  Analysis of variance using Bray Curtis distance matrices 
was performed with the adonis function found in the R package vegan on OTUs 
representative of genera containing pathogens to determine which variables contributed to 
significant differences in the dataset. 
 
3.3.4 Abundance Estimation of Pathogens 
Total 16S rRNA genes per sample were estimated based on qPCR assays as total 16S 
rRNA gene copies 100 mL-1.  To determine the number of specific genera in each water 
sample, OTUs were classified by genera as described above to estimate the proportion of 
total number of sequences with genus-level matching relative to total number of 16S rRNA 
sequences (% GLM, or proportion of community with genus-level matching).  The total 
abundance of genus-level matching OTUs was subsequently calculated as the product of total 
16S rRNA gene 100 mL-1  and % GLM, resulting in total genus-level matching (total GLM) 
gene copies 100 mL-1.   Previous studies have employed a similar approach for estimating 
total genus abundance in environmental samples (Ye and Zhang, 2011; Ibekwe et al., 2013, 
2017) .  The total GLM copies 100 mL-1  for each water sample were compared using the 
Wilcoxon Ranked Sum tests were performed using R version 3.3.1, with samples with 
significant differences in drainage types and temporal groupings identified as  p<0.05.  
Detailed explanation of sample temporal groupings has previously been described (Rieke et 
al., 2017).  Briefly, samples were grouped into four categories based on soil temperature and 
typical drainage patterns: frozen soil (~December- March), drainage period (April-mid July), 
pre-fall manure (mid July- September), and post-fall manure (October- November). 
38 
3.4 Results 
3.4.1 Pathogens in subsurface and drainage waters of the South Fork Watershed 
Overall, we observed significantly different abundances of genes associated with 
pathogens in varying drainage types (p<0.05) and in different seasons (p<0.05).  Genes 
associated with pathogens in individual sampling locations within the same drainage 
grouping were not significantly different.  Therefore, the three surface water sites and two 
artificial drainage sites were combined for further analysis.  We analyzed the presence of 
genes associated with six genera previously described as manure-borne pathogens:  
Bacteroides, Clostridium sensu stricto, Enterobacter, Esherichia/Shigella, Serratia and 
Yersinia.  GLM Clostridium sensu stricto genes were highly prevalent in drainage and 
surface waters (Table 1), followed by GLM Enterobacter genes in drainage water, with 81% 
of samples containing GLM sequences.  However, GLM sequences associated with Yersinia 
and Bacteroides were more prevalent in surface water than Enterobacter.  GLM sequences 
matching Esherichia/Shigella and Serratia were the least prevalent of the six manure-borne 
genera.  GLM Escherichia/Shigella OTUs were only identified in 27% of drainage samples 
and 7% of surface water samples, while only 16.7% of surface water samples and 8.9% of 
drainage samples contained GLM Serratia sequences.   
In addition to the potential for manure-borne pathogen transport, widespread manure 
application in the watershed also introduces nutrient rich organic matter.  Several previous 
studies have reported increased proportions of Gammaproteobacteria following 
incorporation of inorganic fertilization, organic amendments or treated wastewater additions 
(Cleveland et al., 2006; Jangid et al., 2008; Langenheder and Prosser, 2008; Philippot et al., 
2009; Ceja-Navarro et al., 2010; Frenk et al., 2014).  Sequences associated with three genera 
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within the Gammaproteobacteria class containing known pathogenic species were found in 
the majority of drainage and surface water samples. Specifically, GLM Legionella and 
Pseudomonas genes were identified in 100% of drainage samples, while GLM Acinetobacter 
genes were detected in 95.5% of drainage samples (Table 3.1).  Over 90% of surface water 
samples were positive for GLM Legionella and Pseudomonas genes.  
 
3.4.2 Pathogen Temporal Trends and Modes of Transport 
Significant temporal differences in Bacteroides GLM copies 100 mL-1 were observed 
in both surface water and tile drainage samples (Figure 3.1a).  Bacteroides GLM copies 100 
mL-1 in surface waters were significantly less in pre-fall manure samples than the three other 
temporal classifications (p<0.05). In tile drainage waters, Bacteroides GLM copies 100 mL-1 
were significantly greater during the drainage period than both pre-fall manure and post-fall 
manure periods (p<0.05).   We did not observe significant differences in Bacteroides GLM 
copies 100 mL-1 in tile drainage samples collected prior to and after manure application, 
suggesting the genus was not immediately transported through drainage following typical 
manure application timing.  However, in surface waters, Bacteroides concentrations were 
likely affected by both overland flow after manure application and tile drainage during 
periods of increased flow through drainage networks.   
 
 
 
 
 
 
 
 
 
 
 
 
40 
Table 3.1: Detection frequencies and concentrations of pathogenic genus level matching 
genes in surface water and tile drainage  
 
      Artificial Subsurface Drainage Surface Water 
Representative 
Genusa Genus Source 
Genus 
Source 
Reference 
% of samples 
containing 
GLM > LOQb 
GLM Mean (>LOQ) ± SDc                       
(16S-rRNA copy 100 ml-1) 
% of 
samples 
containing 
GLM > 
LOQb 
GLM (>LOQ) ± SD                       
(16S-rRNA copy 100 ml-1) 
Pseudomonas 
widespread in 
the 
environment 
Bergeys, 
2005 100 1.13 x 10
6 ± 3.73 x 106 ae 95.5 7.87 x 105 ± 2.62 x 106 a 
Legionella fresh water environments 
Fields et 
al, 2002 100 7.48 x 10
4 ± 1.52 x 105 a 91.1 1.35 x 105 ± 5.04 x 105 a 
Acinetobacter 
soil, surface 
water, sewage, 
food 
Bergogne-
Berezin & 
Towner., 
1996 
95.5 1.14 x 106 ± 3.43 x 106 a 78.6 9.14 x 105 ± 3.86 x 106 a 
Clostridium 
sensu stricto 
human and 
animal 
gastrointestinal 
tracts, water, 
soil 
Cabral, 
2010 89.4 4.12 x 10
4 ± 1.11 x 105 a 94.6 1.12 x 105 ± 2.53 x 105 b 
Enterobacter 
skin, water, 
soil, human 
and animal 
gastrointestinal 
tracts 
Cabral, 
2010 81.8 9.79 x 10
4 ± 3.49 x 105 a 58.9 5.61 x 104 ± 2.00 x 105 b 
Yersinia surface water, soil, feces 
Yang et 
al., 2011 78.8 4.79 x 10
4 ± 1.39 x 105 a 74.1 6.39 x 104 ± 1.80 x 105 a 
Bacteroides 
human and 
animal 
gastrointestinal 
tracts 
Cabral, 
2010 72.7 1.21 x 10
5 ± 3.66 x 105 a 79.5 4.39 x 104 ± 1.26 x 105 a 
Escherichia/ 
Shigella 
human and 
animal 
gastrointestinal 
tracts 
Cabral, 
2010 27.3 3.38 x 10
3 ± 6.13 x 103 a 7.1 5.95 x 103 ± 5.82 x 103 a 
Serratia 
water, plants, 
small 
mammals 
Leclerc et 
al., 2001 16.7 4.52 x 10
3 ± 1.04 x 104 a 8.9 1.72 x 104 ± 3.34 x 104  a 
 
a OTUs whose sequences were 97% similar to genera using the RDP classifier tool (Wang et al., 2007) 
b Percent of samples above limit of detection 
c Standard deviation 
d No pathogenic strain identified within genus 
e Different letters represent significantly different concentrations of genera in surface water and drainage samples 
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Figure 3.1a: Concentrations of Bacteroides (GLM copies 100 mL-1) in surface water and 
artificial drainage water by season. Samples with Bacteroides below LOQs are represented as 
a value of 1. Significantly different surface water gene concentrations (p<0.05) are denoted 
by different uppercase letters.  Significantly different tile water gene concentrations (p<0.05) 
are denoted by different lowercase letters.  The center bar in the colored box represents the 
median and the top of the colored box represents 75th percentile, while the bottom of the box 
represents the 25th percentile. Whiskers represent minimum and maximum values and dots 
represent outliers, which are either three time the interquartile range or more above the 75th 
percentile or three times the interquartile rate or more below the 25th percentile.  
 
Significant temporal trends in Clostridium sensu stricto GLM copies 100 mL-1 were 
also identified in tile drainage and surface waters (Figure 3.1b).  Tile drainage GLM copies 
100 mL-1 followed the same pattern as Bacteroides, with significantly greater concentrations 
during the drainage than both pre-fall manure and post-fall manure sampling periods 
(p<0.05).  However, surface water concentrations did not follow similar trends.  Clostridium 
sensu stricto GLM copies 100 mL-1 were significantly greater in surface water during the 
frozen soil time period than the other three temporal classifications (p<0.05).  Additionally, 
surface water GLM copies 100 mL-1 during the post-fall manure period were significantly 
greater than pre-fall manure GLM copies 100 mL-1 (p<0.05). Overall significantly greater 
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Clostridium sensu stricto GLM copies 100 mL-1 in surface waters compared to drainage 
waters indicates that overland flow into surface waters is the likely mode of transport.  
Additionally, fall manure application likely influences surface water concentrations as there 
is a significant increase between pre-fall manure and post-fall manure timing.   
 
Figure 3.1b: Concentrations of Clostridium sensu stricto (GLM copies 100 mL-1) in surface 
water and artificial drainage water by season. Samples with Clostridium sensu stricto below 
LOQs are represented as a value of 1. Significantly different surface water gene 
concentrations (p<0.05) are denoted by different uppercase letters.  Significantly different tile 
water gene concentrations (p<0.05) are denoted by different lowercase letters.  The center bar 
in the colored box represents the median and the top of the colored box represents 75th 
percentile, while the bottom of the box represents the 25th percentile. Whiskers represent 
minimum and maximum values and dots represent outliers, which are either three time the 
interquartile range or more above the 75th percentile or three times the interquartile rate or 
more below the 25th percentile.  
 
Unlike other genera examined, Enterobacter GLM copies 100 mL-1 in drainage 
waters did not significantly differ between temporal classifications.  Additionally, 
Enterobacter GLM copies 100 mL-1 were only significantly greater in surface water in the 
post-fall manure period when compared to the frozen soil period (p<0.05).  However, 
43 
Enterobacter GLM copies 100 mL-1 were significantly greater in drainage that surface waters 
(p<0.05), indicating drainage as the main mode of transport for the genera into surface water.  
Similar to Enterobacter, Yersinia GLM copies 100 mL-1 revealed no significant difference in 
drainage waters in the different sampling periods.  However, the genus was significantly 
greater during the drainage period than pre-fall manure in surface waters (p<0.05).  
Additionally, post-fall manure surface waters were only significantly greater than frozen soil 
(p<0.05).  The lack of temporal trends and greater concentrations identified in surface water 
may indicate sources other than farm animal manure being responsible for concentrations 
found in surface waters.   
Acinetobacter GLM copies 100 mL-1 in drainage samples were not directly affected 
by typical manure application timing as post-fall manure samples were not significantly 
different than pre-fall manure and frozen soil time period samples (Figure 3.1c).  However, 
surface water samples were likely influenced by overland runoff following typical manure 
application timing as significant increase were noted in post-fall manure samples when 
compared to pre-fall manure samples (p<0.05). Conversely, insignificant increases noted 
after typical fall manure in surface water suggest that Legionella and Pseudomonas 
populations were not directly affected by the addition of manure organics to soils within the 
watershed.  Additionally, concentrations of both genera in drainage were significantly greater 
during the drainage period and pre-fall manure periods when compared to post-fall and 
frozen soil period.  Significantly greater concentrations of Pseudomonas and Legionella 
during the months of April through September suggest temperature as the driving factor for 
spikes in concentrations.   
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Figure 3.1c: Concentrations of Acinetobacter (GLM copies 100 mL-1) in surface water and 
artificial drainage water by season. Samples with Acinetobacter below LOQs are represented 
as a value of 1. Significantly different surface water gene concentrations (p<0.05) are 
denoted by different uppercase letters.  Significantly different tile water gene concentrations 
(p<0.05) are denoted by different lowercase letters.  The center bar in the colored box 
represents the median and the top of the colored box represents 75th percentile, while the 
bottom of the box represents the 25th percentile. Whiskers represent minimum and maximum 
values and dots represent outliers, which are either three time the interquartile range or more 
above the 75th percentile or three times the interquartile rate or more below the 25th 
percentile.  
 
3.5 Discussion 
Combining phylogenetic marker sequencing and qPCR assays, we were able to 
estimate the abundance of genes associated with pathogens in water samples.  This approach 
allowed us to expand beyond traditional FIBs for the surveillance of multiple pathogens.  Our 
results indicate that different genera have varying modes of transport.  Significantly greater 
concentrations of Enterobacter in tile drainage waters suggest artificial drainage as a major 
pathway for this genus to reach surface waters.  In contrast, Clostridium sensus stricto 
concentrations were significantly greater in surface waters, indicating overland flow as the 
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major mode of transportation into surface water.  These results are consistent with previous 
studies showing that different bacteria have various mechanisms of attachment (Pachepsky et 
al., 2006).  Similar concentrations in both tile drainage and surface waters were observed in 
the genes associated with the remaining seven studied genera, suggesting a sizable impact of 
drainage on surface waters within the watershed.  Previous work estimated artificial drainage 
was responsible for 71% of discharge from the watershed  (C. H. Green et al., 2006). 
Results from this study also emphasize the impacts of manure application timing and 
seasonal variations may have on bacterial loads in surface waters in an agricultural 
watershed.  Seasonal trends varied between the genera associated with manure-borne 
pathogens, which were present in the majority of surface and drainage waters. Clostridium 
sensu stricto and Bacteroides concentrations in surface water both increased after manure 
application.  These results are consistent with previous studies identifying strong correlations 
between these genera and swine fecal sources  (Dick et al., 2004; Mwaikono et al., 2016).  In 
our water samples, the lack of seasonal variation in Enterobacter and Yersinia concentrations 
also indicates manure application does not affect surface water loading of these genera.  
Temporal fluctuations also were observed to correlate to shifts in 
Gammaproteobacteria.  Previous studies have attributed increases of Gammaproteobacteria 
to nutrient rich additions (Cleveland et al., 2006; Jangid et al., 2008; Langenheder and 
Prosser, 2008; Philippot et al., 2009; Ceja-Navarro et al., 2010; Frenk et al., 2014), and our 
results suggest shifts of certain genera within the class are also stimulated by temperature 
fluctuations.  Leclercq et al. (2016) attributed increases in relative proportions in 
Pseudomanas spp. and Acinetobacter spp. to the addition of manure in soil microcosms 
incubated at 25 °C.   We observed surface water concentrations of genes associated with 
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Acinetobacter to also significantly increase after fall manure additions, which occur after soil 
temperatures drop below 10 °C.  However, gene sequences associated with Pseudomonas 
surface water concentrations did not significantly increase after typical manure application.  
Additionally, concentrations of Pseudomonas in drainage samples were significantly greater 
during the months of April through September when compared to rest of the year, indicating 
increased abundance and movement through soil during periods of higher temperatures.   
Differences in detection limits must be taken into account when comparing studies 
using different methods to enumerate the same target organism.  In this study, we used a 
combination of genotypic methods (sequencing and qPCR assays), resulting in LOQs greater 
than traditional FIB methods.  In the current study, the LOQ for a specific GLM OTU is 
dependent on the number of sequences observed per sample and the total number of 16S 
rRNA gene copies 100 mL-1 per sample, resulting in LOQs ranging from approximately 102 
copies 100 mL-1 to >103 copies 100 mL-1.  These LOQs generally fall outside the acceptable 
range of US EPA protocols for enumerating E. coli in water by membrane filtration as CFU 
counts between 20 and 80 per sample (USEPA, 2009).  However, in general, molecular 
techniques are increasingly used for pathogen surveillance, evidenced in the 2012 version of 
Recreational Water Quality Criteria Document expanding to include empirical equations 
capable of relating E. coli qPCR data to membrane filtration results (USEPA, 2012) 
 Importantly, we observed that the presence of Escherichia in a sample was not a 
suitable indicator for the presence of other pathogens in a water sample, highlighting the 
need to understand the limitations of FIB assays for interpreting water quality.  Current 
microbial water quality standards implemented by the EPA are based on empirical dose-
response relationships for E. coli and enterococci (USEPA, 2012).  The methods use colony 
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forming unit (CFU) or qPCR FIB data to predict the number of highly credible 
gastrointestinal illnesses (HCGI) per 1,000 recreators contacting water (USEPA, 2012).  
Utilization of standards associated with FIB provide insight into the risk of acquiring a 
gastrointestinal illness but are unable to provide information on the causative agent and how 
detrimental its virulence factor may be to an individual. Varying modes of transport and 
temporal trends of pathogenic genera reported in our study further suggest the need to better 
understand the potential for manure application to introduce pathogens into surrounding 
environments. Improvements in pathogen DNA sequence databases and DNA sequencing 
technology may provide improved sensitivity and greater application of these methods to 
assessment of water quality. 
3.6 Acknowledgements 
We thank Maurice Washington, Kevin Cole, Jeff Nichols and Kelly Barnett for providing 
hydrology data and help with sample collection.  Mention of trade names or commercial 
products in this publication is solely for the purpose of providing specific information and 
does not imply recommendation or endorsement by the U.S. Department of Agriculture. 
USDA is an equal opportunity provider and employer. Funding was provided USDA AFRI 
Food Safety, Grant number 2016-68003-24604.  
 
3.7 References  
Arabi, M., J. Stillman, and R. Govindaraju. 2006. A process-based transfer function approach 
to model tile-drained hydrographs. Hydrol. Process. 20: 3105–3117. 
 
Bonder, M.J., S. Abeln, E. Zaura, and B.W. Brandt. 2012. Comparing clustering and pre-
processing in taxonomy analysis. Bioinformatics 28(22): 2891–2897. 
 
C. H. Green, C.H., M.D. M. D. Tomer, M. Di M. Di Luzio, and J.G. J. G. Arnold. 2006. 
Hydrologic evaluation of the soil and water assessment tool for a large tile-drained 
watershed in Iowa. Trans. ASABE 49(2): 413–422. 
48 
Ceja-Navarro, J.A., F.N. Rivera-Orduña, L. Patiño-Zúñiga, A. Vila-Sanjurjo, J. Crossa, B. 
Govaerts, and L. Dendooven. 2010. Phylogenetic and multivariate analyses to determine 
the effects of different tillage and residue Mmanagement practices on soil bacterial 
Ccommunities. Appl. Environ. Microbiol. 76(11): 3685–3691. 
 
Chen, W., C.K. Zhang, Y. Cheng, S. Zhang, H. Zhao, and M. Casiraghi. 2013. A comparison 
of methods for clustering 16S rRNA sequences into OTUs. PLoS One Available at 
http://journals.plos.org/plosone/article/file?id=10.1371/journal.pone.0070837&type=pri
ntable. 
 
Cleveland, C.C., D.R. Nemergut, S.K. Schmidt, and A.R. Townsend. 2007. Increases in soil 
respiration following labile carbon additions linked to rapid shifts in soil microbial 
community composition. Biogeochemistry. 82(3): 299-240. 
 
Cole, J.R., Q. Wang, J.A. Fish, B. Chai, D.M. McGarrell, Y. Sun, C.T. Brown, A. Porras-
Alfaro, C.R. Kuske, and J.M. Tiedje. 2014. Ribosomal Database Project: data and tools 
for high throughput rRNA analysis. Nucleic Acids Res. 42(D1): D633–D642. 
 
David, M.B., L.E. Gentry, D.A. Kovacic, and K.M. Smith. 1997. Nitrogen balance in and 
export from an agricultural watershed. J. Environ. Qual. 26(4): 1038. 
 
Dick, L.K., K.G. Field, K. Dick, A.E. Bernhard, T.J. Brodeur, J.W. Santo Domingo, J.M. 
Simpson, S.P. Walters, and K.G. Field. 2004. Rapid estimation of numbers of fecal 
Bacteroidetes by use of a quantitative PCR assay for 16S rRNA Genes. Appl. Environ. 
Microbiol. 70(9): 5695–5697). 
 
Ding, G.-C., V. Radl, B. Schloter-Hai, S. Jechalke, H. Heuer, K. Smalla, and M. Schloter. 
2014. Dynamics of soil Bacterial communities in response to repeated application of 
manure containing sulfadiazine. PLoS One 9(3): e92958. 
 
Edgar, R.C., B.J. Haas, J.C. Clemente, C. Quince, and R. Knight. 2011. UCHIME improves 
sensitivity and speed of chimera detection. Bioinformatics 27(16): 2194–2200. 
 
Frenk, S., Y. Hadar, and D. Minz. 2014. Resilience of soil bacterial community to irrigation 
with water of different qualities under Mediterranean climate. Environ. Microbiol. 
16(2): 559–569. 
 
Fu, L., B. Niu, Z. Zhu, S. Wu, and W. Li. 2012. CD-HIT: accelerated for clustering the next-
generation sequencing data. Bioinformatics 28(23): 3150–3152. 
 
Galloway, J.N., M. Burke, G.E. Bradford, R. Naylor, W. Falcon, A.K. Chapagain, J.C. 
Gaskell, E. McCullough, H.A. Mooney, K.L.L. Oleson, H. Steinfeld, T. Wassenaar, and 
V. Smil. 2009. International Trade in Meat: The Tip of the Pork Chop. J. Human 
Environ 40(1): 622-699. 
 
 
49 
Garder, J.L., T.B. Moorman, and M.L. Soupir. 2014. Transport and persistence of tylosin-
resistant enterococci, genes, and tylosin in soil and drainage water from fields receiving 
swine manure. J. Environ. Qual. 43(4): 1484. 
 
Givens, C.E., D.W. Kolpin, M.A. Borchardt, J.W. Duris, T.B. Moorman, and S.K. Spencer. 
2016. Detection of hepatitis E virus and other livestock-related pathogens in Iowa 
streams. Sci. Total Environ. 566–567: 1042–1051. 
 
Hörman, A., R. Rimhanen-Finne, L. Maunula, C.-H. von Bonsdorff, N. Torvela, A. 
Heikinheimo, and M.-L. Hänninen. 2004. Campylobacter spp., Giardia spp., 
Cryptosporidium spp., noroviruses, and indicator organisms in surface water in 
southwestern Finland, 2000-2001. Appl. Environ. Microbiol. 70(1): 87–95. 
 
Hruby, C.E., M.L. Soupir, T.B. Moorman, M. Shelley, and R.S. Kanwar. 2016. Effects of 
tillage and poultry manure application rates on Salmonella and fecal indicator bacteria 
concentrations in tiles draining Des Moines Lobe soils. J. Environ. Manage. 171: 60–69. 
 
Jangid, K., M.A. Williams, A.J. Franzluebbers, J.S. Sanderlin, J.H. Reeves, M.B. Jenkins, 
D.M. Endale, D.C. Coleman, and W.B. Whitman. 2008. Relative impacts of land-use, 
management intensity and fertilization upon soil microbial community structure in 
agricultural systems. Soil Biol. Biochem. 40: 2843–2853. 
 
Jaynes, D.B., T.S. Colvin, D.L. Karlen, C.A. Cambardella, and D.W. Meek. 2001. Nitrate 
loss in subsurface drainage as affected by nitrogen fertilizer rate. J. Environ. Qual. 
30(4): 1305. 
 
Kozich, J.J., S.L. Westcott, N.T. Baxter, S.K. Highlander, and P.D. Schloss. 2013. 
Development of a dual-index sequencing strategy and curation pipeline for analyzing 
amplicon sequence data on the MiSeq Illumina sequencing platform. Appl. Environ. 
Microbiol. 79(17): 5112–20. 
 
Langenheder, S., and J.I. Prosser. 2008. Resource availability influences the diversity of a 
functional group of heterotrophic soil bacteria. Environ. Microbiol. 10(9): 2245–2256. 
 
Leclercq, S.O., C. Wang, Z. Sui, H. Wu, B. Zhu, Y. Deng, and J. Feng. 2016b. A multiplayer 
game: species of Clostridium , Acinetobacter , and Pseudomonas are responsible for the 
persistence of antibiotic resistance genes in manure-treated soils. Environ. Microbiol. 
18(10): 3494–3508. 
 
Lemarchand, K., and P. Lebaron. 2003. Occurrence of Salmonella spp. and Cryptosporidium 
spp. in a French coastal watershed: relationship with fecal indicators. FEMS Microbiol. 
Lett. 218(1): 203–209. 
 
Luby, E.M., T.B. Moorman, and M.L. Soupir. 2016. Fate and transport of tylosin-resistant 
bacteria and macrolide resistance genes in artificially drained agricultural fields 
receiving swine manure. Sci. Total Environ. 550: 1126–1133. 
50 
 
Lund, V. 1996. Evaluation of E. coli as an indicator for the presence of Campylobacter jejuni 
and Yersinia enterocolitica in chlorinated and untreated oligotrophic lake water. Water 
Res. 30(6): 1528–1534. 
 
Mcmurdie, P.J., S. Holmes, and M. Watson. 2013. phyloseq: An R Package for Reproducible 
Interactive Analysis and Graphics of Microbiome Census Data. PLoS One 8(4). 
 
Mwaikono, K.S., S. Maina, A. Sebastian, M. Schilling, V. Kapur, and P. Gwakisa. 2016. 
High-throughput sequencing of 16S rRNA Gene Reveals Substantial Bacterial Diversity 
on the Municipal Dumpsite. BMC Microbiol. 16(1): 145. 
 
NASS. 2014. Agricultural Statistics Complete Publication. 
 
Pachepsky, Y., A. Sadeghi, S. Bradford, D. Shelton, A. Guber, and T. Dao. 2006. Transport 
and fate of manure-borne pathogens: Modeling perspective. Agric. Waste Manag. 86(1–
2): 81–92. 
 
Philippot, L., D. Bru, N.P.A. Saby, J. Čuhel, D. Arrouays, M. Šimek, and S. Hallin. 2009. 
Spatial patterns of bacterial taxa in nature reflect ecological traits of deep branches of 
the 16S rRNA bacterial tree. Environ. Microbiol. 11(12): 3096–3104. 
 
Rieke, E.L., T.B. Moorman, E.L. Douglass, and M.L. Soupir. 2017. Seasonal variation of 
macrolide resistance gene abundances in the South Fork Iowa River Watershed. Sci. 
Total Environ. 610–611: 1173–1179. 
 
USEPA. 2009. Method 1603: Escherichia coli (E. coli) in water by membrane filtration using 
modified membrane-thermotolerant Escherichia coli agar (Modified mTEC). 
 
USEPA. 2012. Recreational Water Quality Criteria. 
 
Wu, J., S.C. Long, D. Das, and S.M. Dorner. 2011. Are microbial indicators and pathogens 
correlated? A statistical analysis of 40 years of research. J. Water Health 9(2): 265–278. 
 
Zucker, L.A., and L.C. Brown. 1998. Agricultural drainage: water quality impacts and 
subsurface drainage studies in the Midwest. Ohio State Univ. Ext. Bulletin 8. 
 
51 
CHAPTER 4. ANALYSIS OF MANURE STIMULATED MICROBIAL 
COMMUNITIES IN SOIL AND DRAINAGE FROM UNDISTURBED SOIL 
COLUMNS 
4.1 Abstract 
Rising demands for pork products worldwide has led to increased production in the 
United States.  Increasing demands, coupled with production shifting towards confined 
animal feeding operations, has resulted in increased availability of manure, as well as a need 
for its disposal.  Swine manure contains valuable nutrients and is often applied to agricultural 
land as an alternative to inorganic fertilizer.  However, little is known regarding the effect of 
manure application on soil microbial communities and associated drainage waters. 
Using intact soil columns, we simulated an agroecosystem with artificial subsurface 
drainage, typical of the Upper Midwestern United States. Columns were collected from plots 
maintained in corn-soybean rotations, with nitrogen application prior to the corn growing 
season.  Nitrogen was applied either in the form of swine manure or urea ammonium nitrate 
(UAN) and plots were maintained under chisel plow or no-till managements, creating four 
different overall management practices: manured no-till, non-manured no-till, manured chisel 
plow and non-manured chisel plow.  Manure was applied to columns to simulate manure 
injection bands. DNA extraction was performed on effluent of six simulated rainfall events, 
replicating the length of a typical drainage season for the location (108 days).  After the 
second, fourth and sixth rainfall events, subsets of manured columns were destructively 
sampled from the top 15 cm of soil for DNA extraction.  Targeted 16S rRNA gene 
sequencing was used to characterize and to identify shifts in soil and drainage microbial 
communities post manure application.    
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Our results indicated that soil history was associated with significant differences in 
community structure, although only 2% of variation was explained by this factor.  Overall, 
sequences associated with 12 orders of bacteria were responsible for the majority of OTUs 
stimulated by manure application.  Orders belonging to Proteobacteria were most prevalent, 
followed by Bacteroidetes, Firmicutes, Actinobacteria and Spirochaetes.  While the majority 
of the 12 orders began to decrease prior to the end of the experiment, relative abundances of 
genes associated with Rhizobiales and Actinomyecetales in soil increased.  The orders of 
bacteria in soil which were stimulated by manure application contained varied responses in 
drainage waters over the course of the experiment.  We also identified a “manure-specific 
core” of five genera who comprised 13% of manure communities.  Of these five genera, 
Clostridium sensu stricto was the only genera which did not return to pre-manure relative 
abundances in soil by the end of the experiment. 
Results from our study increase our understanding of soils’ capacity to attenuate or 
transport manure associated microbial communities.  Identification of manure stimulated and 
manure derived bacteria in soil and drainage waters provides a holistic approach for tracking 
manure associated microbial impacts in the environment. 
 
4.2 Introduction 
Rising demands for pork products in developing countries has led to increased 
production in the United States.  In 2018, pork production in the United States is estimated to 
reach27 billion pounds, increasing 2017 totals by 5% (ERS USDA, 2018).  Increasing 
demands, coupled with production shifting towards confined animal feeding operations 
(CAFOS), has resulted in increased availability of manure as well as needs for its disposal.  
Because swine manure contains valuable nutrients, it is often applied to agricultural land as 
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an alternative to inorganic fertilizer.  Previous work has documented positive effects of 
manure application on various soil properties when compared to chemical fertilizer.  The 
organic matter additions decreased bulk density and increased aggregate stability (Adesanya 
et al., 2016).  However, little is known regarding the impacts of manure microbiomes on soil 
bacteria and the potential for transport into surrounding environments.   
Over the past few decades, the majority of studies aiming to identify bacterial 
responses to manure additions have been limited to large scale shifts in microbial 
communities.  Multiple studies identified increases in soil biomass following swine manure 
application (Larkin et al., 2006; Hammesfahr et al., 2008, 2011; Zhang et al., 2012).  
Additionally, incorporation of swine manure has proven to reduce ratios of gram positive to 
gram negative bacteria (Larkin et al., 2006; Hammesfahr et al., 2011).  Furthermore, overall 
increases bacterial diversity and decreases in Actinomycetes (Larkin et al., 2006; Zhang et al., 
2012) provide evidence of manure’s ability to affect soil microbial communities.  More 
recently, utilization of targeted 16S rRNA gene sequencing has resulted in deeper 
characterization of soil and manure microbial communities. 
Depending on location and management practices, major phyla in agricultural soils 
largely consist of varying combinations of Proteobacteria, Acidobacteria, Chloroflexi, and 
Actinobacteria (Hartmann et al., 2015; Sun et al., 2015).  Conversely, Firmicutes and 
Bacteroidetes are the primary constituents in swine manure microbiomes (Looft et al., 2012; 
Lu et al., 2014; Pajarillo et al., 2015b; Kumari et al., 2015).  In addition to physical bacterial 
additions during manure application, high nutrient contents are also able to stimulate certain 
types of bacteria (Hartmann et al., 2015; Leclercq et al., 2016b).  To date, only a few studies 
have characterized the impact of manure application on agricultural soils.  Prior soil-manure 
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interaction studies have identified short-term increases in operational taxonomic units 
(OTUs) matching specific phyla (Ding et al., 2014; Riber et al., 2014; Liu et al., 2017).  
However, such studies have failed to include information on manure microbiomes and soil 
microbiomes prior to manure application, restricting the ability to determine overall impacts.  
In order to better track the microbial and potentially pathogenic impacts of manure 
application in surrounding environments, approaches better suited to characterize complex 
environmental systems are needed.  
In Upper Midwestern agriculture, the presence of artificial subsurface drainage and 
varying tillage practices can accelerate the movement of nutrients and microorganisms.  
Approximately one third of Iowa cropland contains artificial subsurface drainage (Zucker 
and Brown, 1998), which is installed to artificially lower the water table, benefitting soils 
which would normally be too wet to farm.   Previous studies have shown that tile drainage 
provides a pathway capable of expediting the moving of nutrients, herbicides, pesticides and 
ARGs into surrounding environments (Buhler et al., 1993; Flury, 1996; Jaynes et al., 2001; 
Rieke et al., 2017).  However, unlike other constituents transported through drainage, 
complex microbial communities and variability within manure consequently demands 
analysis of numerous microbial constituents in order to confidently assess impacts on 
surrounding environments. 
The goal of this study is to evaluate the impact of liquid swine manure on microbial 
communities in agricultural soil and associated drainage.  Specifically, we used soil columns 
amended with manure and treated with simulated rainfall to assess the temporal variation in 
manure-associated and endemic soil microbial communities in the soil and drainage water.  
We hypothesized that manure stimulated OTUs (MSOs) in soil may originate from the 
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addition of manure-derived OTUs (MDOs) or as a response to non-microbial manure 
constituents.  In other words, manure addition into the soil may introduce MDOs or promote 
the growth of native soil microbes.   We also measured MSOs in soil column drainage water 
to assess their potential transport through field soil into drains which eventually empty into 
surrounding waterways.  The identification of MDOs offers a new opportunity for tracking 
diverse bacterial populations from manure application.   This study evaluates the attenuation 
of MSOs and MDOs in soil and their transport in drainage water. 
 
4.3 Methods 
4.3.1 Soil History 
Columns under four different management practices were collected on November 6, 
2015 from plots at Iowa State's Northeast Research and Demonstration Farm, near Nashua, 
IA (43.0° N, 92.5° W).  All plots were maintained in corn-soybean rotations, with nitrogen 
application prior to the corn growing season.  Nitrogen was applied either in the form of 
swine manure or urea ammonium nitrate (UAN) and plots were maintained under chisel plow 
or no-till managements, creating four different overall management practices: manured no-
till, non-manured no-till, manured chisel plow and non-manured chisel plow.  Soils at the 
farm are moderately well to poorly drained Kenyon silty–clay loam, Floyd loam, and 
Readlyn loam over glacial till, with 1 to 3% slopes (Luby et al., 2016). Manure was last 
injected as 10-15 cm deep bands on November 6, 2014.  Manure has not been applied to 
control (non-manured plots) since 1978, while application rates of manure have varied since 
1993.  Chisel plow tillage and no-till management were chosen due to their prevalence in 
Iowa agriculture.  Agricultural fields under no-till management form preferential flow paths, 
or macropores, which may enhance leaching of bacteria (Jamieson et al., 2002).  Chisel plow 
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tillage disrupts macropores and aerates soil, creating different transport pathways for 
constituents through soil profiles. 
 
4.3.2 Column Construction 
Thirty-six PVC pipes (15.2 cm diameter, 61cm long) were gently pushed into the soil 
to obtain minimally disturbed soil columns from the plots described previously.  Soil depths 
within the column ranged from 46-51 cm.  Foam blocks were taped to the bottom of columns 
for transport back to Iowa State University.  Column bottoms were fitted with 15.2 cm 
diameter PVC pipe end caps.  Prior to attachment, a single hole was drilled in the middle to 
insert tubing for drainage collection.  Caps were then filled with ASTM 20-30 Test Sand 
(Humboldt Mfg Co, Elgin, Illinois).  Mesh was attached to the inside of caps to prevent sand 
loss.  Prior to construction soil columns were periodically treated with 200 mL of deionized 
water to maintain soil moisture as described below. 
 
4.3.3 Manure Collection 
The manure was obtained from a commercial swine operation, near the Iowa State 
Northeast Research Farm.  Manure samples were collected directly from the injector on 
November 3, 2015. Samples were stored on ice while being transported back to Iowa State 
University.  Samples were stored at 4 °C in 19 L buckets until applying on soil columns. 
 
4.3.4 Manure Application 
We simulated manure injection zones in manure-treated columns by removing a 10.2 
cm diameter, 15.2 cm deep section of soil from each column on Day 0 of the experiment.  
Removed soil was subsampled in 10-20 g aliquots.   The tops of non-manured control 
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columns were also sampled at the same time by scraping off 10-20 g off the top of the 
column and frozen at -20 ˚C.  Manured columns were treated with 750 mL of liquid swine 
manure to approximate a 7.8 cm wide, 15.2 cm deep manure injection band.  After manure 
application, excavated soil was replaced in manured columns to obtain pre-application soil 
depths.  Manure subsamples were frozen at this at time at -20 ˚C for DNA extractions.  Soil 
columns were maintained in a vertical position in a constructed rack at room temperature. 
 
4.3.5 Simulated Rainfall, Effluent Capture and Soil Sampling 
Simulated rainfall events were conducted at 10, 24, 35, 59, 80 and 108 days after 
manure application. Single column rainfall simulators were constructed by drilling holes in 
15.24 cm diameter PVC pipe end caps to hold large diameter hypodermic needles.  
Simulators were placed on top of each column and filled with 1 L of deionized (DI) water.  
Leachate was collected in 1 L sterile Nalgene bottles located on racks below the columns and 
processed 48 hours after the beginning of each event. In order to maintain soil moisture 
contents representative of field conditions columns received additional wettings in between 
rainfall events.  A 1-L pan of DI water was placed on the top of the column rack during the 
experiment.  At 48 hours prior to rainfall events the amount of water evaporated from the pan 
was recorded.  DI water was added at a rate of amount evaporated plus an additional 100 mL 
to approximate field capacity at the time of each rainfall event.  Additionally, this process 
was repeated once a week throughout the experiment during weeks without simulated rain 
events. Three chisel plow and three no-till columns were sacrificed for sampling 48 hours 
after rainfall events conducted 24, 59 and 108 days after manure application.  The top 15 cm 
of each column were extracted separately and homogenized.  The homogenized soils were 
subsampled into 10-20 g aliquots and frozen at -20 ˚C.  
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4.3.6 DNA Extraction and 16S rRNA Gene Sequencing 
Column effluent was filtered through 0.22 um sterile filters and frozen at -20 ˚C until 
DNA extractions were performed using Mo Bio Power Water DNA kits.  Three 50 mL 
aliquots were filtered from manure treated effluent from columns which were associated with 
the following column sacrifice.  In total, 18 50-mL aliquots were collected from each rainfall 
event, creating an overall sum of 108 effluent samples. Soil DNA was extracted using 
PowerSoil 96 Well Soil DNA Isolation kits (Qiagen).  Soil aliquots for each well were 
weighed and recorded. Two soil aliquots were used for DNA extraction from each of the 36 
columns on Day 0 of the experiment, prior to manure application.  Additionally, two soil 
subsamples were collected for DNA extractions from manured treated soil columns which 
were destructed.  In total, soil DNA extraction was performed on 180 soil samples.  DNA 
samples above 10 μg ml-1 concentrations were diluted to 10 μg ml-1. The V4 region of 
bacterial 16S rRNA gene was amplified using methods previously described by Kozich et al. 
(Kozich et al., 2013).  Sequencing of bacterial amplicons was performed on Illumina Miseq 
with Miseq Reagent Kit v2.   
 
4.3.7 DNA Sequence Processing 
Ribosomal Database Project (RDP) Paired-end Reads Assembler (Cole et al., 2014) 
was applied to assemble paired-end bacterial 16S rRNA gene sequences.  Minimal and 
maximum assembled lengths were 250 bases (l -250) and 280 bases (-L 280).  Assembled 
sequences with expected maximum error adjusted Q scores less than 25 over the whole 
sequence were removed.  Chimeras de novo were removed with Usearch (8.1 64bit) (Edgar 
et al., 2011).  RDP’s 16S rRNA gene training set sequences (No 15) was used to eliminate 
chimeras of known reference genes.  Unique OTUs and their abundances in each sample 
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were derived from chimera filtered, high quality sequences based on a minimum of 97% 
sequence similarity by CD-HIT (4.6.1) (Fu et al., 2012).  CD-HIT was chosen due to its 
speed and demonstrated production of clusters which were highly similar to true numbers of 
OTUs derived from simulated complex data (Bonder et al., 2012; Chen et al., 2013). OTU 
sequences were assigned taxonomic information using RDP classifier (Wang et al., 2007) 
with a confidence cutoff at 50% (-c 0.5).  OTUs witnessed less than five times were removed 
from the dataset.  Additionally, manure, soil and drainage samples containing less than 6,000 
sequences were removed, which resulted in 162 samples used in the experiment.  Remaining 
samples were rarified to 6,076 sequences using the function rarify_even_depth in the R 
package phyloseq (Mcmurdie et al., 2013). 
4.3.8 Statistical Analysis 
Permutational Multivariate Analysis of Variance Using Distance Matrices was 
performed with the adonis function found in the R package vegan (Dixon, 2009).  
Differential expression analysis based on the negative binomial distribution (Gamma-
Poisson) was completed using the function Deseq from the R package DESeq2 (Love et al., 
2014) to identify OTUs whose abundances were significantly different based on selected 
treatments.  Non-metric multidimensional scaling was performed using the ordinate 
command in Phyloseq with Bray-Curtis distances. 
 
4.4 Results 
Non-metric multidimensional scaling (NMDS) identified similar groupings of 
microbial communities based on matrix and days after manure application (DAM) (Figure 
4.1). We compared microbial communities in samples based on DAM.   Permutational 
multivariate analysis of the differences of microbial community membership revealed that 
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the largest variance in communities was due to DAM which accounted for 29% of variation 
in the dataset, while originating sample matrix (manure, soil or drainage water) contributed 
25% of variation.  Although tillage history was associated with significant differences in 
community structure, only 2% of variation was explained by this factor and therefore no-till 
and chisel plow treatment were combined for the remaining analysis.  
 
Figure 4.1: Non-metric multidimensional scaling (NMDS) of DNA extracted from manure, 
soil and water samples.  Day 0 soil samples were collected prior to manure application.  
Dashed ellipses represent 95% confidence intervals around soil and water group centroids.  
Days after manure application is represented by a continuous color gradient with dark blue 
represent Day 0 and the lightest blue representing Day 108.  Manure samples are colored 
gray.  
 
  
61 
Differences in the dominant phyla in manure and soil and the simultaneous addition 
of high concentrations of organic matter in manure were likely responsible for shifts in 
relative abundances of bacteria post manure application.  Overall, manure was comprised 
primarily of Firmicutes, contributing to 64% of total relative abundances of the total 
microbial community (Figure 4.2).  The remaining 36% of OTUs were associated with 
Acidobacteria, Euryarchaeota, Proteobacteria, Actinobacteria, Verrucomicrobia, and 
Bacteroidetes.  After manure amendment, we observed shifts in the relative abundances of 
multiple phyla in soil.  Acidobacteria were negatively affected, which decreased from 31% 
of total soil bacteria before manure application to 4% at 108 DAM. Verrumicrobia also 
decreased from 12% before manure application to 5% 108 DAM.  OTUs classified within 
Proteobacteria increased the most of any phyla after manure application, rising from 12% to 
35% 108 DAM.  Firmicutes also increased from <1% of total bacteria in soil prior to manure 
application to 10% 108 DAM.  Bacteroidetes increased after manure application from 2% 
before manure application to 28% 59 DAM, but subsequently decreased to 14% by 108 
DAM.  
 
Figure 4.2: Relative abundance of sequences matching major phyla in manure, soil treated 
with manure and leachate water.  Day 0 soil samples were collected prior to manure 
application. 
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In soil, many phyla showing major shifts in relative abundance after manure 
application also shifted in abundance in drainage water over the course of the experiment.  
Major increases were identified in Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria, 
and Verrumicrobia between samples taken 10 DAM and 24 DAM.  Bacteroidetes relative 
abundance patterns in drainage were similar to those identified in soil samples.  While 
Actinobacteria, Proteobacteria and Firmicutes relative abundances were greatest in soil at 
108 DAM, their proportions in drainage began to decrease by 59 DAM.  Although 
Verrumicrobia relative abundances steadily decreased in soil over time, the opposite trend 
was identified in drainage. 
To determine the impact of manure additions on soil microbial communities, we 
compared soils which had a history of manure application (last applied 525 days previously) 
with soil samples taken 24 days after manure application.  Manure stimulated 250 OTUs (or 
MSOs) in soil 24 DAM (with significantly greater abundance) compared to pre-manured 
soils.  We observed increases in the presence of these bacteria after manure application, with 
MSOs on average comprising 61% of sequences in soil 24 DAM and 68% of sequences in 
soil 59 DAM (Figure 4.3).  While the set of MSOs decreased in soils to 37% by 108 DAM, 
relative abundances were still elevated when compared to their presence in pre-manure 
application samples.  On average MSOs comprised 64% of the manure microbial community.   
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Figure 4.3: Average relative abundances of MSOs in soil and water at different times after 
manure application.  OTUs were classified as manure stimulated if abundances were 
significantly greater (p<0.05) in soil 24 DAM when compared to pre-manure application soil 
samples. 
 
 Overall trends in the MSO relative abundances in drainage varied slightly from those 
identified in corresponding soil samples.  The MSOs averaged 59% of OTUs in artificial 
drainage 24 DAM (Figure 3).  However, unlike in soil samples, average relative abundance 
of the MSOs decreased in drainage collected 59 DAM to 31%.  Additionally, the set of 
MSOs sharply decreased in drainage to 7% on average of by 109 DAM application.  
Although greater proportions of MSOs remained in soil compared to drainage, we observed 
increasing similarity between manure affected soil and water MSO community structures 
over time (Figure 4.4).  
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Figure 4.4: Non-metric multidimensional scaling of MSOs in manure, soil and water 
samples.  Day 0 soil samples were collected prior to manure application.  Dashed ellipses 
represent 95% confidence intervals around soil and water group centroids.  Days after 
manure application is represented by a continuous color gradient with dark blue represent 
Day 0 and the lightest blue representing Day 108.  Manure samples are colored gray. 
 
In order to determine which MSOs primarily contributed to shifts in soil relative 
abundances following manure application, we classified the observed MSOs at the order 
level.  The majority of the MSOs matched sequences belonging to 12 different orders of 
bacteria (Figure 4.5).  Orders belonging to Proteobacteria were most prevalent, followed by 
Bacteroidetes, Firmicutes, Actinobacteria and Spirochaetes.   Relative abundances of 
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sequences matching nine of the 12 orders began to decrease by Day 109. Burkholderiales, 
Caulobacterales, Clostridiales, Flavobacteriales Pseuodomonadales and Sphingomondales 
continuously decreased in manure treated soil over the course of the experiment.  While 
Bacteroidales, Spirochaetales and Xanthomondales reached their maximum relative 
abundances in manure treated soil 59 DAM before decreasing in samples taken 109 DAM.  
Relative abundances of the remaining three orders continued to increase in manured soil 
samples 109 DAM. Although the relative abundances of certain manure stimulated orders in 
soil remained above proportions identified in pre-manured soil samples by 108 DAM, 
relative abundances of all 12 orders in drainage decreased by 108 DAM or remained 
consistently negligible over the course of the experiment. 
 
Figure 4.5:  Relative abundances of bacterial orders in soil and water which significantly 
increased in soil after manure application.  Error bars represent standard deviations of mean 
soil and water relative abundances.  Day 0 soil samples were collected prior to manure 
application. 
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The 12 orders which represented the majority of MSOs in soil also displayed varied 
temporal responses in drainage waters (Figure 4.5).  Similar trends in soil and drainage water 
relative abundances over time were recognized in Burkholderiales, Caulobacterales, 
Clostridiales, Flavorbacteriales and Sphingomonadales.  Trends in relative abundances of 
Actinomycetales, Rhizobiales, Sphingobacteriales and Xanthomonadales in drainage water 
differed from those identified in soil.  Relative abundances of these four orders were initially 
greater in drainage than soil, but decreased by 108 DAM, while in soil their proportions 
continued to increase. Although, Bacteroidales, Pseudomonadales, and Spirochaetales 
relative abundances increased in soil following manure application, very few sequences 
matching these orders were identified in drainage.  Variable physical and biochemical 
properties within these 12 orders of bacteria were likely responsible for differential 
attenuation and transport patterns over the course of our experiment. 
In order to identify and track bacterial populations directly introduced into soil and 
drainage through manure application, we identified a set of core bacteria specific to the swine 
manure used in the study.  Stringent criteria identified sequences matching five genera which 
were highly prevalent in manure and not in soil with a history of no manure application. 
Criteria required that each MDO was identified at least 25 times in each manure sample and 
contained significantly greater abundance in manure compared to soil which had not received 
a manure application in over 30 years (p<0.05).  Application of these criteria resulted in 
sequences representative of: Clostridium sensu stricto, Methanobrevibacter, 
Phascolarctobacterium, Romboutsia and Tissierella.  Four of the MDOs fall within the 
phylum Firmicutes, while Methanobrevibacter is classified within the Eukarchaeota phylum. 
The five genera represent 13% of the total manure microbial community.   
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Relative abundance of the MDOs all began to decrease in soil samples 24 DAM, 
except Phascolarctobacterium, whose relative abundance peaked 59 DAM (Figure 4.6). 
Additionally, all MDOs except for Clostridium sensu stricto returned close to pre-manure 
application relative abundances in soil by 108 DAM.  Relative abundances of Clostridium 
sensu stricto, Methanobrevibacter and Romboutsia steadily decreased in drainage samples 
over the course of the experiment.  Conversely, Tissierella and Phasocolarctobacterium were 
rarely identified in drainage samples. Although relative abundances of Clostridium sensu 
stricto were noticeably lower in drainage water samples when compared to soil at 108 DAM, 
sequences matching this genus were present in water at this time.   
 
Figure 4.6:  Relative abundances of manure-specific genera in soil and drainage which 
significantly increased in soil after manure application.  Error bars represent standard 
deviations of mean soil and water relative abundances.  Day 0 soil samples were collected 
prior to manure application. 
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4.5 Discussion 
The use of soil columns in our experiment allowed us to assess directly the impacts of 
manure amendment on microbial communities in soil and drainage waters.  Our experimental 
design simulated a manure injection band, typical of swine manure application in the Upper 
Midwest United States.  The length of the experiment was based on a typical artificial 
drainage season in the region.  The majority of sequences representing species who were 
stimulated in soil after manure application either began to decrease or returned to pre-manure 
application proportions by 108 DAM.  Additionally, four of the five genera whose sequences 
matched MDOs returned close to pre-manure soil relative abundances following 108 DAM.  
Characterization of manure and its impact on soil and drainage waters microbiomes through 
16S rRNA gene sequence analysis provides a holistic alternative to traditional source 
tracking methods. 
The increases in relative abundances of specific microbial populations could be 
stimulated by displacement of native soil bacteria by manure-borne bacteria during the 
application process or enrichment of native bacteria stemming from manure available 
nutrients.  In our experiment, two main modes of manure’s influence on soil microbial 
structures were analyzed: (1) introduction of microbial orders that were significantly greater 
in manure than in native soil populations; (2) microbial orders not highly abundant in manure 
but significantly increased in abundance in soil after manure amendment.  In the first case, 
we suggest that these communities likely originate from the manure and persist in soil.  It is 
also possible that these communities are present below detectable limits in soils and increase 
in abundance after manure amendment.  The second group of MSOs likely represent 
populations that were stimulated by nutrients within the manure rather than being 
transplanted into soil from the original manure microbiome.   
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Prior manure-soil interaction studies identified short term increases of 
Actinomycetales, Burkholderiales, Clostridales, Pseudomonadales, Xanthomonadales, and 
Sphingobacteriales in soil after manure additions (Ding et al., 2014; Riber et al., 2014).  
Similar increases were identified in our experiment, with decreases in these orders observed 
after 24 DAM.  However, Actinomycetales  and Sphingobacteriales continued to increase in 
soil over the course of our experiment.  Longer “hot moments”, or increased activity by 
select soil microbial community members, when compared to previous studies (Ding et al., 
2014; Riber et al., 2014), likely originate from differences in experimental design.  
Expanding on this previous work, our experimental design allowed us to estimate the transfer 
of soil and water communities from manure.   
To this end, a subset of constrained, specific MDOs were selected based on their high 
abundance in manures and lack of presence in soils.  These MDOs included Clostridium 
sensu stricto, Methanobrevibacter, Tissierella , Phascolarctobacterium, and Romboutsia, 
which have previously been identified as abundant in swine gut or fecal microbiomes (Leser 
et al., 2002; Miller and Lin, 2002; Cotta et al., 2003; Ziemer, 2013; Tran et al., 2018).  Four 
of the five manure specific genera we identified belong to the phylum Firmicutes, which 
were also the most abundant phyla in this manure.  Previous studies have identified similar 
genera in manure microbiomes and surrounding manure impacted land.  Sequences matching 
Tissierella have previously been cited as one of few highly abundant OTUs in manure 
retrieved from a swine lagoon (Goh et al., 2009).  Clostridium sensu stricto significantly 
increased in surface waters after typical fall manure application timing in an agriculturally 
dominated watershed (Rieke et al JEQ).  The lone Archaea genera, Methanobrevibacter, is 
known to colonize swine intestinal tracts has also been identified in swine pens, swine waste 
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storage pits and anaerobic biodigesters (Peu et al., 2006; Ike et al., 2010; Da Silva et al., 
2015).   
In addition to understanding the impacts of manure application on soil and water 
environments, the identification of a subset of bacteria to use as indicators creates future 
opportunities for improved surveillance.  Given the limitations of current manure source 
tracking methods, more information on manure microbial communities is necessary in order 
to gain a better understanding on how the manure microbiome travels through the 
environment.  Previous work has identified log scale differences in E. coli, Enterococcus 
spp., Bacteroidales spp., and Clostridium spp. gene markers depending on the source of fecal 
material (Kelty et al., 2012).  Such trends in previously established fecal indicator organisms 
suggest highly abundant MDOs will also vary based on feces origin.  Future studies aiming 
to employ MDOs for source tracking purposes in the natural environment must first analyze 
manure microbiomes of different animals within a prescribed catchment to determine if the 
method is capable of identifying species specific MDOs.   
Peak relative abundances of the five genera represented by MDOs in soil fell between 
0.1% and 0.5%.  The magnitude of their abundances coupled with previous knowledge 
identifying total bacteria concentrations in manure between 109 and 1011 organisms per gram 
(Cotta et al., 2003) results in bacterial concentrations capable of detection through qPCR.  
Utilization of genotypic methods for manure source tracking improves our ability to track 
anaerobic organisms in addition to those which are more easily cultured through traditional 
phenotypic methods.  Additionally, high throughput amplicon qPCR assays, such as the 
Wafergen Smartchip (Shi et al., 2013; Wang et al., 2014), are capable of targeting multiple 
genes and samples in a single assay.  Deeper sequencing of manure-soil interactions coupled 
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with increased amplicon based analysis technology in future studies will strengthen our 
ability to track manure related microbial impacts in the environment. 
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CHAPTER 5. GENERAL CONCLUSIONS 
5.1 Review of Central Themes 
The central theme of this dissertation is the microbiological affects surrounding the 
application of swine manure as an organic fertilizer.  Manure application provides valuable 
nutrients to soil from a medium which would otherwise be deemed waste.  However, 
potential transport of ARG and manure-derived or -stimulated microorganisms must be 
considered.  Prior work tracking manure’s impact on surrounding environments often rely on 
FIB data.  However, dissection of complex manure microbiomes suggests a single organism 
is incapable of tracking the fate and transport of manure associated bacteria in neighboring 
ecosystems.  Genotypic methods utilized in the previous chapters provide a deeper 
understanding of manure in the environment.  
Three studies were conducted to improve our knowledge of the fate and transport of 
manure microbial constituents.  The first study focused on two macrolide resistance genes, 
ermB and ermF, in artificial drainage and surface waters in the agriculturally dominated 
South Fork Iowa River watershed.  Eighty-nine percent of stream water samples were 
positive for at least one of the two genes.  Temporal trends revealed fall manure application 
and artificial drainage both impacted ARG concentrations in surface water.  Additionally, 
higher erm concentrations in both surface and drainage waters were greater when compared 
to plot scale drainage concentrations, suggesting a lasting reservoir of resistance genes within 
the watershed.  Findings from this study suggest the need to limit subsurface drainage 
loading in surface water or design of a filtering system to limit ARG loading in surface 
waters where human contact may occur.    
The second study analyzed genera known to contain manure derived pathogens or 
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soil-borne pathogenic genera also in the South Fork Iowa River watershed.  Combining 16S 
rRNA gene sequences with 16S rRNA qPCR data allowed for quantification of multiple 
genera known to harbor pathogens.  The influence of fall manure application and mode of 
transport varied by genera.  Bacteroides, Clostridium sensu stricto and Acinetobacter 
significantly increased in surface water after typical fall manure application timing.  
Enterobacter in surface water was mainly influenced by artificial drainage, while 
Clostridium sensu stricto in surface water was primarily transported by overland flow.  
Results from this study will help inform ecological engineers of pathogens of interest to 
further study and placement of best management practices to reduce loadings in surface 
water. 
The final study focused on tracking shifts in soil and water microbial communities 
following a simulated manure application. The duration of the experiment was representative 
of a typical artificial drainage season in the Upper Midwest.  Sequences matching 12 orders 
of bacteria were responsible for the majority of OTUs stimulated by manure application.  
Orders within the phylum Proteobacteria were most prevalent, followed by Bacteroidetes, 
Firmicutes, Actinobacteria and Spirochaetes.  While the majority of the 12 orders began to 
decrease prior to the end of the experiment Rhizobiales and Actinomyecetales relative 
abundances in soil continued to increase.   
In addition to identifying shifts at higher taxonomic levels, five genera who were 
highly abundant in manure and significantly greater in manure than in soils with no history of 
manure application were identified.   Clostridium sensu stricto was the only manure derived 
genus which did not return to pre-manure relative abundances in soil by the end of the 
experiment. Proportions of Methanobrevibacter, Phascolartobacterium, Romboutsia and 
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Tissierella were negligible by the end of the experiment.  Clostridium sensu stricto 
proportions began to decrease in drainage by the end of the experiment, but were 
considerably greater than the other four genera.  Identification of manure stimulated and 
manure derived bacteria in soil and drainage waters provides a holistic approach for tracking 
microbial manure impacts in the environment.  
 
5.2 Implications of Research 
These studies reveal the complexity associated with tracking the fate and transport of 
manure associated microbial constituents in the environment.  Manure injection not only 
introduces a new set of bacteria in the environment, but is also capable of altering native soil 
microbial populations.  The ecological timeframe for attenuation of manure associated 
microbial constituents varied greatly.  Results indicated the majority of manure derived and 
manure stimulated bacteria in soil return to pre-manure application relative abundances over 
the course of a typical drainage season.  However, relative abundances of certain manure 
associated bacteria remained above background levels or continued to increase past the 
sampling timeframe.  This implies manure applied at typical agronomic rates is capable of 
long term alteration of native soil populations.   
Findings also revealed differential transport pathways of ARGs and pathogens to 
surface waters.  Results indicated ARGs mainly reached surface water through artificial 
subsurface drainage, while pathogenic genera were transported through drainage and 
overland flow.  This implication is that multiple manure contamination markers are necessary 
to accurately track environmental transport.  Monitoring of these markers will inform 
placement of best management practices to reduce transport of potentially harmful manure 
associated bacteria.   
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Information related to the differential timing and modes of transport of manure 
related microbial constituents to surface waters will help guide region wide extension efforts 
aiming to curtail the spread of microbial pollutants in the environment.  Manure application 
timing should be further regulated in order to minimize potential for transport and maximize 
soil’s natural ability to attenuate foreign microbial additions.  Implementation of fall manure 
application, rather than spring manure application provides the environment additional time 
to reduce abundances of manure related microbial constituents prior to period of high 
artificial subsurface drainage.  Additionally, the potential for pathogen transport through 
overland flow following manure application must be dealt with through implementation of 
physical barriers aiming to reduce their passage into surface water.   
 
5.3 Recommendations for Future Research 
• The ability of Veterinary Feed Directive to reduce transmission of antibiotic 
resistance in the environment should be evaluated.  This can be accomplished by 
continuing to monitor surface water and drainage in the SFIR watershed to compare 
macrolide resistance gene concentrations before and after implementation of the 
Veterinary Feed Directive. 
• Determine ARG hosts. Bacterial transport through the environment is dependent on 
cellular characteristics, host identification will allow for targeted placement of best 
management to reduce transport off agricultural lands. 
• Determine if manure-borne pathogenic strains in surface water correlate with genus 
level relative abundances.  Curation of an agriculturally centered pathogen database 
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would help determine if identification at the genus level in surface water are 
acceptable proxies for pathogen presence.   
• Conduct manure management studies to mitigate antibiotic resistance genes and 
pathogens in manure.  Initial reduction of ARGs and pathogens in manure will 
decrease potential for transport through the environment. 
• Identify a core group of highly abundant, animal specific genera in a variety of 
manures.  Identification of host specific, manure derived genera will provide a more 
reliable method for source tracking fecal contamination in the environment. 
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Figure A.1: Surface and drainage water sampling locations and drainage areas in the South 
Fork of the Iowa River. Subsurface drainage sampling locations TC241 and T42 drain 
directly into Tipton Creek. Tipton Creek drains into the South Forth Iowa River main branch 
before reaching sampling location SF450.  Adapted from Rieke et al. (2017). 
